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ABSTRACT 

We report extensive observational data for five of the lowest redshift Super-Luminous Type Ic 
Supernovae (SL-SNe Ic) discovered to date, namely PTFlOhgi, SN2011ke, PTFllrks, SN2011kf and 
SN2012il. Photometric imaging of the transients at +50 to +230 days after peak combined with 
host galaxy subtraction reveals a luminous tail phase for four of these SL-SNe. A high resolution, 
optical and near infrared spectrum from xshooter provides detection of a broad He I A10830 emission 
line in the spectrum (+50d) of SN2012il, revealing that at least some SL-SNe Ic are not completely 
helium free. At first sight, the tail luminosity decline rates that we measure are consistent with the 
radioactive decay of ^^Co, and would require 1-4 M© of ^^Ni to produce the luminosity. These ^^Ni 
masses cannot be made consistent with the short diffusion times at peak, and indeed are insufficient 
to power the peak luminosity. We instead favour energy deposition by newborn magnetars as the 
power source for these objects. A semi-analytical diffusion model with energy input from the spin- 
down of a magnetar reproduces the extensive lightcurve data well. The model predictions of ejecta 
velocities and temperatures which are required are in reasonable agreement with those determined 
from our observations. We derive magnetar energies of 0.4 < iJ(10^"'^erg) < 6.9 and ejecta masses 
of 2.3 < Moj(M0) < 8.6. The sample of five SL-SNe Ic presented here, combined with SN 2010gx 
- the best sampled SL-SNe Ic so far - point toward an explosion driven by a magnetar as a viable 
explanation for all SL-SNe Ic. 

Subject headings: supernovae: general- supernovae: individual (PTFlOhgi, SN 2011ke, PTFllrks, SN 
201 Ikf, SN 201211) - stars: magnetars 



1. INTRODUCTION 

The discovery of unusually luminous optical tran- 
sients by modern supernova (SN) surveys has dramat- 
ically expanded the observational and physical param- 
eter space of known SN types. The Texas Supernova 
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Search was a pioneer in this area, with one of the 
first searches of the loca l Universe without a galaxy 
bias (jQuimbv et al.l 120051) . This has been followed by 
deeper, wide r surveys f r om th e Palomar Transient Fac- 
tory (PTF, IRau et all I2009D . the Panoramic Survey 
Tel escope fc Rap id Response System (Pan-STARRS, 
Kais er et al.l l2010f). the Catalina Real-time Transient 
Survey fCRTS. Drake et al.l [200 9). and the La SiUa 
QUEST survey ( Hadiivska et al. 2012), all of which 
have found unusually luminous transients which tend to 
be hosted in intrinsically faint galaxies. These Super- 
Luminous SNe (SL-SNe) show absolute magnitudes at 
maximum light of Mab < —21 mag and total radi- 
ated energies of order 10^^ erg. They are factors of 
5 to 100 brighte r than Type la SNe or normal core- 
collapse events. IGal-YanJ (j2012[ ) proposed that three 
distinct physical groups of SL-SNe have emerged. The 
first group which was recognised was the luminous Type 
Iln SN e epito mised by SN 2006gy (Smith et al. 200^ 
Smith & McCrav2007:' Ofek et al.ll2007l:IAgnoletto et atl 
■2009:) which show signs of strong circumstellar interac- 
tion. The second group includes Type Ic SNe that have 
broad, bright lightcurves and the decay rates imply that 
they could be due to pair-instability explosions powered 
by large ejecta masses of ^^Ni (3-5 Mq). To date only 
one object of this typ e (SN 2007bi) has been published 
and s tudied in detail (jGal-Yam et al.|[2009l : lYoung et al.l 
IMof l. The third group was labelled by Gal- Yam (2012) 
as Super-Luminous Type I Supernovae, or "SLSN-I" 
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and the two earliest examples are SCP-06F6 a nd SN 
2005ap (jBarbarv et al.|[2009l: iQuimbv et all [20071 ) which 
are characterized at early times by a blue continuum and 
a distinctive "W" -shaped spectral feature at ^4200 A. In 
this paper we will call this type Super-Luminous Super- 
novae of Type Ic (or SL-SNe Ic) , simply because they are 
Type Ic in the established supernova nomenclature and 
are extremely luminous. 

The existence of this class of SL-SNe Ic was firmly 
established when secure redshifts were determined with 
the identification of narrow Mg ii AA2796,2803 absorp- 
tion from the host galaxies in the optica l spectra of 
z > 0.2 transients bv iQuimby et al.l (|2011al ). The spec- 
tra of four PTF transients, SCP-06F6 and SN 2005ap 
were then all linked together with these redshifts estab- 
lishing a common type (Quimby et al. 2011a). Subse- 
quently, the identification of host galaxy emission lines 
such as [O II] A3727, [O iii] AA1959,5007, Ha and H/3 
has confirmed the redshift derived from the Mg ii ab- 
sorption in many SL-SNe Ic, such as in the case of 
SN_2010gx (Quimbv ct al. 2010; Mah abal fc B^aQ\20W[ 
iPastorello et al.ll2010l) . These distances imply an incred- 
ible luminosity with u— and g— band absolute magni- 
tudes reaching about —22. This luminosity allowed these 
SNe to be easily ident ified in the Pan- STAR RS Medium 
Deep fields at z ^ 1 (jChomiuk et al.l [201 Ih and beyond 
(jBerger et al.l[20T2[ ). 

The typical spectroscopic signature of the class of SL- 
SNe Ic is a blue continuum with broad absorption lines of 
intermediate mass elements such as C, O, Si, Mg with ve- 
locities 10000 < V < 20000 kms~^. No clear evidence of 
H or He has been found so far in the spectra of SL-SNe Ic, 
whereas Fe, Mg and Si lines are typically prominent af- 
ter maximum. The stu dy of the well sampled SN 2010gx 
(jPastorello et al.|[2010[ ) showed an unexpected transfor- 
mation from a SL-SN Ic spectrum to that of a normal 
Type Ic SN. A similar transformation wa s also observed 
in the late-time spectrum of PTFOQcnd (jQuimbv et al.l 
l2011a| ). which evolved to become consistent with a slowly 
evolving Type Ic SN. 

The SL-SNe Ic discovered to date appear to be asso- 
ciated with faint and metal poor galaxies at redshifts 
ranging between 0.23 —1.19 (typ i cally M„ > — 17 mag, 
Quimbv e t all l2011al: iNeill et al.l \20m iChomiuk etall 
2011; Che3ieLalJ|2013D, although the highest redshift 
SL-SNc Ic (PSl-12bam, z = 1.566) is in a galaxy which 
is more luminous a nd more massive th an the lower red- 
shift counterparts ([Berger et al.l 1201^ . An estimate of 
the metallicity of the faint host galaxy of SN 2010gx, 
from the detection of the auroral [O III] A4 363 line in- 
dicat es a very low metallicity of 0.05 Zq (|Chen et al.l 
|2013| ). Research on SL-SNe Ic is progressing rapidly, 
with thirteen of these intriguing transients now identi- 
fied since the discovery of SCP-06F6. To power the enor- 
mous peak luminosity of SL-SNe Ic with radioactive de- 
cay would require several solar masses of ^^Ni. However, 
this is inconsis tent with t he wi dth of the lightcurves as 
shown by Cho miuk et al.l (|2011[ ). The lightcurves cannot 
be reproduced with a physical model that has an ejecta 
mass significantly greater than the ^^Ni mas s needed to 
ower the peak. In the case of SN 2010gx, iChen et all 
2013| ) showed that the tail phase faded to levels which 
would imply an upper limit of around 0.4Mq of ^^Ni. 



Among the scenarios proposed to explain the remarkable 
peak luminosity are the spin down of a rapidly rotatin g 
young magnetar (jKasen fc Bildsten[|2010l : lWooslevl2010|) , 
that provides an additional reservoi r of energy for the SN 
jOstriker & Gunh 1971; Usov 1992: ' Wheeler et al.l[2000l : 
[Thom pson et al. 2004 ): the interaction of the SN ejecta 
with a massive (3-5 M^?)) C/O-rich circumstellar medium 
CSM.pBlinnikov fc Sorokinall2010|l or with a dense w ind 



Chevalier fc Irwinll201lUGinzburg fc Balberg|l2012D : or 
collisions between high velocity shells ejected by a pul- 
sational pair instability, whic h would give rise to s ucces- 
sive bright optical transients (jWooslev et al.l[2007[ ). One 
of these SNe (SN 2006oz) was discovered 29 days before 
peak luminosity and showed a flat plateau in the rest- 
frame NUV before its rise to maximum, indicating that 
finding these objec ts early could give co nstraints on the 
explosion channel (jLeloudas et al.l [20121 ). In most cases 
to date however, the lightcurv es and energy rele ased at 
>100d is unexplored territory. iChen et aIT(|2013t ) quan- 
tified host of SN2010gx, but difference imaging showed 
no detection o f SN flu x at 250-300 days to deep limits. 
IQuimbv et al.l (|2011a[ ) detected flux at the position of 
PTF09cnd at -|-138d after peak in a B-band image, but 
it's not clear if this flux is from the host or the SN. In this 
paper we present the detailed follow-up of five SL-SNe Ic 
at 0.100 < z < 0.245, namely PTFllrks, SN 2011ke, SN 
201211, PTFlOhgi and SN 2011kf, and attempt to follow 
them for as long as possible to garner further evidence to 
probe the physical mechanism powering these intriguing 
events. A detailed analysis of their hosts will be part of 
a future paper (Chen et el. in prep). 

The paper is organized as follows: in Sect. [5] we intro- 
duce the SNe, and report distances and reddening values. 
Photometric data, light and colour curves as well as the 
absolute light curves in the rest-frame are presented in 
Sect. [3] Sect. [4|is devoted to the analysis of bolometric 
and pseudo-bolometric light curves and the evaluation of 
possible ejected ^^Ni masses, while in Sect.[5|we describe 
and analyse the spectra. Finally, a discussion about the 
origin of these transients is presented in Sect. [6l followed 
by a short summary in Sect. [7l 

2. DISCOVERY AND TARGET SAMPLE 

2.1. Pan-STARRSl data : discovery and recovery of the 

transients 

The strong tendency for these SL-SNe to be hosted in 
faint galaxies appears not to be a bias, which suggests 
a straightforward way of finding them in large volume, 
wide-field searches. With the Pan-STARRSl survey, we 
have been running the "Faint Galaxy Supernova Sur- 
vey" (FGSS) which is aimed at finding transients in faint 
galaxies origin ally identified in the Sloan Digital Sky Sur- 
vey catalogue (jValenti et al.ll2010l ). 

The Pan-STARRSl optical system uses a 1.8m di- 
ameter aspheric primary mirror, a strongly aspheric 
0.9m secon dary and 3-lens cor rector and has 8m fo- 
cal length ("Hodap D et al.l l2004t ). The telescope illu- 
minates a diameter of 3 .3 degrees and the "GigaPixel 
Camera" (jTonrv fc Qna ka 2009) comprises a total of 60 
4800 X 4800 pixel detectors, with 10 fim pixels that sub- 
tend 0.258 arcsec (for more details see iMagnier et al 



| 2013f) . The PSl filter system is described in lTonrv et al 
(I2012D. and is similar to but not identical to the SDSS 
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TABLE 1 

Main properties of the SN sample. 



PTFlOhgi 



SN 201 Ike 



PTFllrks 



SN 201 Ikf 



SN 2012il 



Alternative 




PSO J249.4461+06. 20815 


PSl-llxk, PTFllidj, 




CSS111230; 


PSl-12fo 


names 






CSS110406; 
135058+261642 




143658+163057 


CSS120121: 
094613+195028 


a (J2000.0) 




16''37™47''.08 


13''50'"57^78 


01/139171453 49 


14''36'"57^64 


09'*46™12''.91 


<5 (J2000.0) 




06°12'29".35 


26°16'42".40 


29°55'26".87 


16°30'57".17 


19°50'28".70 


x 




0.100 


0.143 


0.190 


0.245 


0.175 


Peak g (mag) 




-20.42 


-21.42 


-20.76 


-21.73 


-21.56 


E(B-V) (mag) 




0.09 


0.01 


0.04 


0.02 


0.02 


Lgriz peak (x 10*3 


erg s 1) 


2.09 


4.47 


3.24 


6.45 


> 4.47 


Light curve peak (MJD) 


55326.4 ± 4.0 


55686.5 ±2.0 


55932.7 ±2.0 


55925.5 ± 3.0 


55941.4 + 3.0 


Host r (mag) 




-16.50 


-18.42 


-19.02 


-16.52 


-18.18 



griz (jYork et al.l 120001 ) filter system. However it is 
close enough that catalogued cross-matching between 
the surveys can identify high amplitude transients. In 
this paper we will convert all the PSl filter magnitudes 
gpirpiipizpij/pi to the SDSS AB magnitude system as 
the bulk of the follow-up data were taken in SDSS-like 
filters (see Section 3 for more details). 

The PSl telescope is operated by the PSl Science 
Consortium (PSISC) to undertake several surveys, with 
the two major on es being the "Medium Deep Field" 
survey (e.g iBotticclla et all 120101: iTonrv et al.l 120121: 
iGezari et alj 12012; .Berger et al.ll2012i ) which was opti- 
mised for transients (allocated around 25% of the to- 
tal telescope time) and the wide-area Stt Survey, allo- 
cated aroun d 56% of the a v ailable observing time. As 
described in iMagnier et al.l (|2013| ). the goal of the Stt 
Survey is to observe the portion of the sky North of —30 
deg declination, with a total of 20 exposures per year 
across all five filters for each field center. The Stt sur- 
vey plan is to observe each field center 4 times in each 
of ffpi^'piipizpij/pi during a 12 month period, although 
thi s can be inter rupted by bad weather. As described 
bv IMagnier et al.l ()2013[ ). the 4 epochs in a calendar year 
are typically split into two pairs called Transient Time 
Interval (TTI) pairs which are single observations sep- 
arated by 20-30 minutes to allow for the discovery of 
moving objects. The temporal distribution of the two 
sets of TTI pairs is not a well defined and straightfor- 
ward schedule. The blue bands (gpi, rpi, ipi) are sched- 
uled close to opposition to enhance asteroid discovery 
with gpi and rpi being constrained in dark time as far 
as possible. The zpi and ypi filters are scheduled far op- 
position to optimise for parallax measurements of faint 
red objects. Although a large area of sky is observed each 
night (typically 6000 square degrees), the moving object 
and parallax constraints mean the Stt survey is not opti- 
mised for finding young, extragalactic transients in a way 
that the Palomar Transient Factory and La Silla-QUEST 
projects are. The exposure times at each epoch (i.e. in 
each of the TTI exposures) are 43s, 40s, 45s, 30s and 
30s in gpirpizpizpij/pi. These reach typical 5cr depths 
of roughly 22.0, 21.6, 21.7, 21.4. 19.3 as estimated from 
point sources with uncertainties of 0.2"'. (in the PSl AB 
magnitude system described bv lTonrv et al.| [2bl2). 

The PSl images are processed by the Pan-STARRSl 
Image Processing Pipeline (IPP), which performs au- 
tomatic bias subtr action, flat fleldi ng, astrometr y 
(jMagnier et al.l |2008[) and photometry (jMagnieii |2Q07| ) . 
These photometrically and astrometrically calibrated 



catalogues produced in MHPCC are made available to 
the PSISC on a nightly basis and are immediately in- 
gested into a MySQL database at Queen's University 
Belfast. We apply a tested rejection algorithm and cross 
match the P Sl objects with SPSS objects in the DR7 
cataloguJ*^ (jAbazaiian et al.ll2009D . We apply the fol- 
lowing selection filters to the PSl data (all criteria must 
be simultaneously fulfilled) 

• PSl source must have 15 <(7pi< 20 or 15 <rpi< 20 
or 15 <ipi< 20 or 15 <2:pi< 20 

• SDSS counterpart must have 18 < rsDSS < 23 

• Distance between PSl source and SDSS source < 3 
arcsec 

• PSl mag must be 1.5 mag brighter than SDSS (in 
the corresponding filter) 

• The PSl object must be present in both TTI pairs 
and the astrometric recurrences < 0.3". Objects 
with multiple detections must have RMS scatter < 
0.1" 

• The PSl object must not be in the galactic plane 

(|5|>5°). 

All objects are then displayed through a Django-based 
interface to a set of interactive webpages, and human 
eyeballing and checking takes place. We use the star- 
galaxy separation in SDSS to guide us in what may be 
variable stars (i.e. stellar sources in SDSS which increase 
their luminosity) or extragalactic transients (i.e. QSOs, 
AGNs and SNe). While the cadence of the PSl obser- 
vations is not ideal for detections of young SNe we have 
found many SNe in intrinsically faint galaxies. As of Jan- 
uary 2013, spectroscopically confirmed objects include 34 
QSOs or AGNs and 4 1 SNe. Several o f these have been 
confirmed as SL-SNe. iPastorello et al.l ()201 tf) presented 
the data of SN 2010gx recovered in 37r images, and in 
many cases the same object is detected by the Catalina 
Real-Time Transient Survey (CSS/MSS) and PTF. As 
we are not doing difference imaging and only comparing 
to objects in the SDSS footprint, there are some cases 
where objects are reported by PTF or CRTS and inter- 
esting pre-discovery epochs are available in PSl. As 37r 
difference imaging is not being carried out routinely, we 
often use the PTF and CRTS announcements to inform 

^^ http;//virww. sdss.org/dr7/ 
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a retrospective search. In this paper, we present five SL- 
SNe Ic which were either detected through the PSl Faint 
Galaxy Supernova Survey, or were announced in the pub- 
he domain. A sixth object (PTF12dam=PSl-12arh) is 
discussed in a companion paper (Nicholl et al. in prep.). 
In all five cases follow-up imaging and spectroscopy was 
carried out as discussed below. 

For all the SNe listed here (and throughout this paper) 
we adopt a standard cosmology with Hq = 72 kms~^, 
n,M = 0.27 and il,\ — 0.73. There is no detection of Nai 
interstellar medium (ISM) features from the host galax- 
ies, nor do we have any evidence of significant extinction 
in the hosts from the SNe themselves. This suggests that 
the absorption in host is low and we assume that extinc- 
tion from the host galaxies is negligible. Although we 
do detect Mgii ISM lines from the hosts in some cases, 
there is no clear correlation with these line strengths and 
line of sight extinction. In all cases only the Milky Way 
foreground extinction was adopted. 

2.2. PTFlOhgi 

PTFlOhgi was first discovered by PTF on 2010 May 
15.5 and announced on 2010 July 15 (iQuimbv et al.l 
120101 ). The spectra taken by PTF on May 21.0 UT 
and June 11.0 UT were reported as a blue continuum 
with faint features typical of SL-SNe Ic. Another spec- 
trum obtained by PTF on July 7.0 UT was similar to 
P TFOQcnd at 3 weeks past peak brightness. Initiated 
bv IQuimbv et al.l (|2010( ). UV observations were obtained 
with Swift -l-UVOT in July 2010, and we analyse those 
independently later in SectJH PTFl Ohgi lies outside the 
SDSS DR^ area (jAhn et al .1120121) . hence was not dis- 
covered by our PSl FGSS software . However after the 
announcement (jQuimbv et al.|[20Tol) . we recovered it in 
PSl images taken (in band rpi) on 2010 May 18 and 
on 4 other epochs around peak magnitude (in bands 
gpiTpiipi), listed in Tabled 

We detect a faint host galaxy in deep griz-band images 
taken with the William Herschel Telescope on 2012 May 
26 and the Telescopio Nazionale Galileo on 2012 May 
28. At a magnitude r = 22.01 ± 0.07, this is too faint 
to affect the measurements of the SN flux up to -1-90 
days. There are no host galaxy emission lines detected 
in our spectra, hence the redshift is determined through 
cross-correlation of the spectra of PTFlOhgi with other 
SNe at confirmed redshift indicating a redshift oi z = 
0.100 ± 0.014, corresponding to a luminosity distance of 
dL ^ 448 Mpc. The Galactic reddening toward the SN 
line of sight is E{B ~ V) ^ 0.09 mag (iSchlegel et al.l 
[1998,) ■ 

2.3. SN 2011ke 

SN 201 Ike was discovered in the CRTS 
(CSS110406:135058-|-261642) and PTF surveys 
(PTFlldij) with the earliest detection s on 2011 
April 06 and 2011 March 3 respectively (jDrake et al.l 
120111: IQuimbv et all l2011d ). Wc also independently 
detected this transient in the PSl FGSS (PSl-llxk) 
on images taken on 2011 April 15 ( Smartt et al.ll2011l ). 
However earlier PSl data show that we can determine 
the epoch of explosion to around one day, at least as 

^^ http://www.sdss3.org/dr9/ 



far as the sensitivity of the images allow. Qn MJD 
55649.55 (2011 March 29.55 UT) a PSl image (rpi = 
40s) show s no detec t ion of the transient to r ~ 21.17 
mag. Qu imbv et al.l (|2011c[ ) report the PTF detection 
on 201l'March 30 (MJD=55650) the night after the PSl 
non-detection at g c± 21. PSl detections then occurred 1 
and 3 days after this on 55651.6 and 55653.6 (in i-pi and 
rpi) respectively. The photometry is given in Table |6l 
This is the best constraint on the explosion epoch of 
an SL-SNe to date, allowing the rise time and light 
curve shape to be confidently measured. The object 
brightened rapidly, by ~ 3 mag in g— band in the first 
15 days and 1.7 mag in the subsequ ent 20 days. It was 
class ified as an SL - SNe Ic by both iDrake et all (|201lD 
and IQuimbv et al.l (|2011c[ ): their spectra obtained on 
May 8.0 and 11.0 UT, respectively, showed a blue con- 
tinuum with faint features, similar to PTF09cnd about 
1 week past maximum light (Quimbv et al. 2011c). 

We found a nearby source in the SDSS DR9 catalog 
{g = 21.10 ± 0.08, r = 20.71 ± 0.08), which is the host 
galaxy as confirmed by deep griz images taken with the 
William Herschel Telescope on the 26th of May 2012 at 
a magnitude g = 21.18 ± 0.05, r = 20.72 ± 0.04 . The 
host emission lines set the SN at z = 0.143, equivalent 
to a luminosity distance of di^ = 660 Mpc. The Galactic 
reddening toward the position of the SN is E{B — V) — 
0.01 mag (ISchlegel et al.llT998l) . 

2.4. PTFllrks 

PTFllrks was first detected by PTF on 2011 December 
21.0 UT (Quimby ct al. 2011b). Spectra acquired on De- 
cember 27.0 UT and 31.0 UT showed a blue continuum 
with broad features similar to PTF09cnd at maximum 
light, confirming it as a SL-SN Ic. A non-detection in the 
r-band on Dec. 11 UT prior to discovery is also reported, 
setting a limit of >20.6 mag at this epoch. IQuimbv et al.l 
([20Tlb) detailed a brightening of 0.8 mag in r-band in 
the first 6 days after the discovery. Prompt observations 
with Swift revealed an ultraviolet (UV) source at the op- 
tical position of the SN, but no source was detected in 
X-rays at the same epochs. There are no useful early 
data from PSl for this object. 

The host galaxy is listed in the SDSS DR9 catalogue 
with 5 = 21.59±0.11magandr = 20.88±0.10mag. Gon- 
firmation of these host magnitudes as achieved with our 
deep gr-band images taken with the William Herschel 
Telescope on the 22nd of September 2012 at a magnitude 
g = 21.67±0.07 and r = 20.83±0.05. The emission lines 
of the host and narrow absorptions consistent with Mg ii 
AA2796,2803 doublet locate the transient at z = 0.19, 
corresponding to a luminosity distance of d^ — 904 Mpc. 
The Galactic reddening t oward the posi tion of the SNe 
is E{B -V) = 0.04 mag (ISchlegel et all [T9981 . 

2.5. SN 2011kf 

SN 2011kf was first detected by CRTS 
(CSS111230:143658+163057) on 2011 December 
30.5 UT (Drake et al. 2012i) . The spectra taken by 
iPrieto et all (|2012f l on 2012 January 2.5 UT and 17.5 
UT reveal a blue continuum with absorption feature 
typical of a luminous Type Ic SN. 

The closest galaxy is ^ 23" S/W of the object position 
and is hence too far to be the host. There is no obvious 
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host coincident with the position of this SN in SDSS 
DR9. We detect a faint host galaxy in deep gr i-ha,nd 
images taken with the Wilham Herschel Telescope on 
20 July 2012. At a magnitude r = 23.94 ± 0.20, this 
is too faint to affect the measurements of the SN flux 
out to +120 days. The redshift of the object has been 
determined to be z=0.245 from narrow Ha and [O ill], 
equivalent to a luminosity distance of di^ = 1204 Mpc. 
The foreground redd ening is E{B — V)— 0.02 mag from 
LSchlegelet all (pM) . 

2.6. SN 2012il 

SN 201211 was fi rst detected in the PSl FGSS on 2012 
January 19.9 UT (jSmartt et al.ll201^ and also indepen- 
dently discovered by CRTS on the 21st o f January 2012 
(CSS120121:094613+195028|DrakeetIanU0i25. On Jan- 
uary 29 UT we obtained a spectrum of the SN, which re- 
sembled SN 2010gx 4d after maximum light. The merged 
PSl and CRTS data suggest a rise tim e of more than 2 
week s, different from that of SN 2 010gx (iPastorello et al.l 
IMOI) but similar to PS 1-1 Iky (IChomiuk et al.ll2011h . 
An initial analysis of observations from Swift revealed a 
marginal detection in the u, b, v and uvm2 filters, with 
no detection in the uv wl and uvw2 filters, or in X-rays 
([Margutti et al.ll2012D . However our re- analysis of the 
Swift data reveals a detection above the 3a level in the 
uvwl and uvw2 filters (see Tab. [TT]). No radio contin- 
uum emission from th e SN was detected by the EVLA 
(|Chomiuk et al.ll201 2^. 

In our astrometrically calibrated images the SN coordi- 
nates are a = 09''46™12^91 ±0".05, 5 = -hl9°50'28".70 
±0".05 (J2000). This is within 0.12" of the faint galaxy 
SDSS J094612.91-H195028.6 {g = 22.13 ± 0.08, r = 
21.46 ± 0.07). The emission lines of Ha, H;9 and [O ill] 
from the host give a redshift oi z — 0.175, corresponding 
to a luminosity distance of c^l = 825 Mp c. The Galac- 
tic red dening towards SN 201211 given bv iSchlegel et al.l 
is E{B — V) = 0.02 mag, three time s lower than 



the value reported bv lMargutti et al.) ()2012[ ). 

3. FOLLOW-UP IMAGING AND PHOTOMETRY 

Optical and near infrared (NIR) photometric moni- 
toring of the five SNe was carried out using the tele- 
scopes and instruments listed in Appendix |^ The main 
sources of our photometric follow-up were the SDSS- 
like griz filters in the cameras at the Liverpool Tele- 
scope (RATCam), Wilham Herschel Telescope (AC AM), 
and the Faulkes North Telescope (MEROPE). Further 
data in BV and JHK filters were taken for some of 
the SNc with the EKAR 1.8m Telescope (AFOSC), the 
ESO NTT (EF0SC2) and the Nordic Optical Telescope 
(NOTCam). Swift-|-UVOT observations have been taken 
for four out of five SNe in the UV filters uvw2, uvm2 
and uvwl (and for three SNe in the Swift u filter) and 
we analysed these publicly available data independently. 
Aside from SN 2011ke, ground based SDSS-hke u ob- 
servations were sparse, and for two SNe of our sample 
nonexistent. 

Observations were reduced using standard procedures 
in the IRAEF^ environment. The magnitudes of the 

^^ Image Reduction and Analysis Facility, distributed by the 
National Optical Astronomy Observatories, which are operated by 
the Association of Universities for Research in Astronomy, Inc, 
under contract to the National Science Foundation. 



SNe, obtained through a point spread function (PSF) 
fitting, were measured on the final images after over- 
scan correction, bias subtraction, flat field correction and 
trimming. When necessary we applied a template sub- 
traction technique on later epochs (through the HOT- 
PANT J*^ p ackage based on the algorithm presented in 
IAlardl[2000[ l. The instruments used to obtain reference 
images were the William Herschel Telescope and the 
Telescopio Nazionale Galileo. The same images were 
used to measure the host magnitudes and listed in Ap- 
pendix \M (Tabs. El [i H [9] & [ft]) and labelled as "Host ". 
When we did not have template images, we used SDSS 
images as template to remove the flux of the host. The 
magnitudes of SDSS stars in the fields of the transients 
were used to calibrate the observed light curves (Fig. [2]) . 
All Sloan magnitudes - as well as the NTT U and R 
magnitudes - were converted to the SDSS AB magnitude 
system and colour corrections were applied. PSl magni- 
tudes were also co nverted to SPSS ma gnitudes following 
the prescription in lTonrv et al.l (J2012I ). B and V magni- 
tudes are reported in the Vega system. The PTFlOhgi 
field was not covered by SDSS, so the average magni- 
tudes of local sequence stars were determined on pho- 
tometric nights, and subsequently used to calibrate the 
zero points for the non-photometric nights. Magnitudes 
of the local sequence stars are reported in Appendix IbI 
(Tab. 1X2]) along with their rms (in parentheses). 

For the Swift u band data, we deter mined magnitudes 
in the UVOT instrumental system (jPoole et al.l l2008f) 
and subsequently converted to Sloan u by applying a 
shift of Am w 0.2 mag. The shift has been computed 
for each SN from a comparison of the magnitudes of the 
reference stars in the SNe fields in the UVOT and Sloan 
photometric systems. The only exception is PTFlOhgi, 
where due to the absence of ground-based u images, we 
applied the average shift of the other SNe. The UV mag- 
nitudes are reported in Appendix El (Tab. ITTj). 

NIR observations are not shown in Fig.|2|as these were 
only obtained for PTFllrks. The JHK photometry was 
calibrated to the 2MASS system (Vega based), using the 
same local sequence stars as for the optical calibration. 
Thus the values reported are Vega magnitudes. 

3.1. Light curves 

3.1.1. PTFlOhgi 

Pre-peak observations are available only in the 
r— band, suggesting a rise time comparable to SN 201 Ike. 
PTFlOhgi shows a bell-like shaped light curve around 
peak. The post maximum lightcurve shows a constant 
decline in all the bands until 40d. After 40d, the de- 
cline rate of PTFlOhgi changes to have a slope similar 
to the decays shown by the other SNe. The change in 
the i— band slope is not as evident, while the z— band 
light curve is also dissimilar to the other bands. The 
magnitudes beyond 90d are evaluated using the template 
subtraction with 646-648d epochs as template images. 

3.1.2. SN 201 Ike 

SN 201 Ike was detected during the rise phase, and we 
continued to observe the SN until it disappeared behind 
the Sun in late August 2011. The non-detection of the 

■"-^ http;//www. astro. washington.edu/users/becker/hotpants. html 
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Fig. 1. — From left to right: PTFlOhgi+host galaxy on MJD 55615.2, host galaxy on MJD 56075.0 used as template image and the final 
subtracted image showing the SN. 




18 




A% 


A 










- 


19 


f 


i>4 


^ 


L 








: 


20 




• 




% 








- 


21 


"t 






^4 









- 


22 
23 






r 






T 


^ 


▲ 


24 
















■ 



-50 



50 100 150 200 250 300 



18 


4 






• 
▲ 


PTFllrks 
SN2011ke 


19 




I 




■ 

T 


PTFlOhgi 
SN2011kf 




#^ 







♦ 


SN2012il 


20 
21 




^ 


22 


N 




V 


I 


► 



-50 50 100 150 200 250 300 -50 

phase [from g maximum] 



50 100 150 200 250 300 



Fig. 2. — Observed g r i z light eurves of PTFllrks (green circles), SN 2011ke (blue triangles), PTFlOhgi (red squares) , SN 2011kf 
(purple upside-down triangles) and SN 201211 (gold diamonds). The phase is f rom the respective maximum in the g band. Detections from 
the ATels are shown here and reported in Appendix 1X1 in Tabs.[5ll6l[7l[9land llOI 
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transient the day before the discovery gives us the best 
constraint on the expfosion epoch of any SL-SN to date, 
aUowing the rise time and hght curve shape to be confi- 
dently measured. The hght curve is beh shaped around 
peak in the observed-frame q — band, and m ore similar to 
the light curve of SCP-06F6 (jBarbarv et al. 2009 ). The 
post maximum light decrease is slower at redder wave- 
lengths, as in the previous object. It follows a constant 
slope until 50d, when the slope changes to a slower de- 
cline. SN 2011ke then continued to fade at the same rate 
until the last available photometric point at ^ 200d post 
maximum. The reference template (339d) was used to 
retrieve the magnitudes after 51d. 

3.1.3. PTFllrks 

The transient was discovered just before the g— band 
eak. The pre-d iscovery limit of December 11 
Quimbv et al.|[2011bD indicates a rise time on the order 
of 20 d, followed by a slower decline post-maximum. The 
r— band light curve shows an asymmetric peak as f or SNe 
2005a p and 2010gx (Quimby et al. 2007; Pastorell o et al.l 
l2010f l , in contrast to the roun ded peaks of the light curves 
of PSl-lOawh and PSl-lOky (|Chomiuk et al.|[20Tl[) . The 
SN fades by ^ 2.1 mag over the first 30d in rest frame g 
band, with a slower decline in the redder bands. The de- 
crease is faster than that of the other SL-SNe Ic, although 
a more rapid decli ne at redde r wavelengths is common in 
SNe (see Fig. 1 in iPastorello et al...20101 After 50 days 
the SN faded below our detection limit, even in deep 
imaging. A small, but non- negligible, flux contribution 
from the host has been found after 28d and was removed 
using template subtraction with the reference images at 
218d. While for the i and z bands we used the SDSS 
images as template. 

3.1.4. SN 2011kf 

The light curve of SN 201 Ikf is the least well sampled 
as our monitoring started some 20 days after the ATel 
discove ry announcement. We assume that the reported 
point of lDrake et al.l ()2012|) is at peak which is supported 
by the spectral and colour evolution of the SL-SN during 
its subsequent evolution. During the first 50d, the decline 
in the g— band resembles those of the other SL-SNe Ic. 
But between 50-150d the decline rate changes markedly 
and the fading is slower. The reference template (164d) 
was used to retrieve the magnitudes after 71d. Because of 
the proximity of the template epoch and last SN epoch, 
we also used SDSS images as secondary template. The 
values retrieved with the two different templates were in 
agreement, strengthening simultaneously the lack of the 
SN at 145d and the detection of the faint host in the deep 
images of 164d. 

3.1.5. SN 2012il 

SN 201211 was discovered before it peaked in the g— 
and r— bands. The first two epochs availab le are in the 
PSl zpiband and the CSS unfiltered system T)rake et aD 
(|20 12). We can not set a robust constraint on the rise 
time for SN 201211, but it is likely at least two weeks. 
The shape of the light curve around peak in r— band 
is possibly asymmetric as in PTFllrks and SN 2010gx, 
although we are somewhat constrained in this statement 
due to the uncertainty of the peak epoch. As for SN 



201 Ike, we see a clear change in the decline rate after 
50 days, when SN 201211 has a slower decline (shown in 
Fig. [2] This change in decline to a slower fading rate 
is illustrated with the latest detection in all three filters 
riz at ~113d after peak. The reference template (327d) 
was used to retrieve the magnitudes at 113d and the g 
magnitudes after 58d. 

3.2. Absolute Magnitudes 

In calculating absolute magnitudes (and subsequently 
bolometric magnitudes), we have assumed negligible in- 
ternal host galaxy reddening for all the objects, and ap- 
plied only foreground reddening, with the values reported 
in Sect. [2j No Na ID absorption features due to gas 
in the hosts were observed. However, we can not ex- 
clude possible dust extinction from the hosts, therefore 
the absolute magnitudes reported here are technically 
lower limits. Given that the hosts are all dwarf galax- 
ies, and the transients have quite blue spectra around 
peak it appears that any correction would be small. We 
computed fc-corrections for each SN using the spectral 
sequence we have gathered. For photometric epochs for 
which no spectra were available, we determined a spectral 
energy distribution (SED) using the multi-color photo- 
metric measurements available. This SED was then used 
as a spectrum template to compute the i^-corrections. 
Comparisons between the two methods (i^-correction di- 
rectly from spectra, or with the photometric colours) 
showed no significant differences. We also determined K- 
corrections for SN2010gx using the spectral method and 
using photometric colours. Again we found consistency 
between the two methods. After applying foreground 
reddening corrections and if-corrections we estimated 
absolute rest- frame peak magnitudes (cfr. Tab. [1}. 

In Fig. |3l we compare the rest frame g— band abso- 
lute light curves (in the AB system) of the SNe stud- 
ied here with those of other low-z super-lu minous events 
and t he weU st udied Type Ic SN 1998bw (iGalama et al.l 
1991 iM cKcnz iefc Schaeferi [19991 : ISollerman et al.l 120001 : 
Patat et al.ll2001l l . The epochs of the maxima were com- 
puted with low-order polynomial fits and by comparison 
of the light curves and their colour evolution with those 
of other SL-SNe, and are listed in Tab. [TJ The abso- 
lute peak magnitudes of PTFllrks and PTFlOhgi are 
fainter than the bulk of SL-SNe, although they are still 
^ 2 mag brighter than SN 1998bw. Interestingly, the 
two faintest SL-SNe Ic display different decline rates to 
each other, PTFllrks is similar to SN 2010gx whereas 
PTFlOhgi decreases at a slower rate. The other three 
objects have peak magnitudes comparable with that of 
SN 2010gx (Mg K. -21.67) and show a similar decline. 
The decline slope changes in four of the five objects af- 
ter 50 days in the rest frame (while for the other, SN 
201 Ike, our data do not constrain it). The light curves 
then settle on a tail resembling the decay of ^^Co. This 
is apparent in Fig. [3] as the tails of the SL-SNe are sim- 
ilar to that of SN 1998bw which is known to be pow- 
ered by ^^Ni. The light curves follow the ^^Co decay 
within errors of 10%, the biggest discrepancy is for SN 
2011kf whi ch falls more rapidly between 100-200 days. 
SN 2007bi (|Gal-Yam et al.ll2009l : C^mg et al.llMol ) also 
followed the ^^Co decay at late times, but with a tail 
that is ~ 2 mag brighter than the SL-SNe Ic, and with a 
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Fig. 3.— g-band absolute light curves of PTFllrks, SN 2011ke, PTFlOhgi, SN 2011kf and SN 201211 and a number of super-luminous 
events as well as the stripped envelope SN 1998bw. The light curves for each SN have been derived by correcting the observed broadband 
photometry for time dilation, distance modulus, foreground extinction, and differences in effective rest-frame bandpass (/C-correction). The 
last PTFlOhgi and SN 201211 points were converted from the r mag applying a colour correction derived from SN 2011ke and SN 2011kf 
at similar epochs. 

much slower overall evolution. We also note that the light 
curves of our objects flatten at slightly different epochs, 
with the tail for SN 201 Ike commencing ~ 10 days after 
the last point in the lightcurve for SN 2010gx. 

3.3. Colour Evolution 

We computed rest-frame colour curves, after account- 
ing for the reddening and redshift effects of time-dilation 
and X— correction. The colour curves are useful probes 
of the temperature evolution of the SNe. We also calcu- 
lated rest-frame colour evolution of SN 2010gx, the only 
other SL-SN Ic with a good coverage in SDSS filters at 
a similar redshift. In Fig. |4] the SL-SNe show a constant 
colour close to g ~ r — from the pre-peak phase to 
~ 15d. This evolution is similar to the colour evolution 
of the hi gher redshift PSl-lOky in the observed bands 
ipi - ZP1 iChomiuk et all (|2011l i. 

The constant colour until 15 d implies that the 
SED does not evolve over these epochs. Up to 
maximum light, the spectra of these SL-SNe ap- 
pear to be blue, with the only strong features be- 
ing the O II lines in this r a nge covered by the 
gr filters (jPastorello et al.l 120101: iQuimbv et all l2011al: 
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iChomiuk era!] 120111: fLeloudas et"aIll2012D . Hence this 
could be due to an approximately constant tempera- 
ture. This is also illustrated in Fig. 8 of .Chomiuk et al] 
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Fig. 5. — Evolution of the continuum temperature of PTFllrks 
(green), SN 2011ke (blue), SN 201211 (gold), PTFlOhgi (red) and 
SN 2011kf (purple) are reported with those of SN 2010gx (black). 
The dashed black line shows the temperature evolution in the nor- 
mal Type Ic SN 2007gr. Dots denote measurements from photom- 
etry, whereas squares are spectroscopic measurements. 



(|2011f) for the higher redshift PSl-lOky. Close to peak 
the O II hnes disappear, leaving the spectra featureless 
for ^ 10 days, while after peak the temperature be- 
gins to decrease (see Sect. 15. 1|) . A monotonic temper- 
ature decline between 14000 K and 12000 K (blackbody 
peak 2100 A < A < 2500 A) in objects with featureless 
spectra does not strongly affect the colour evolution for 
^ ?J Apeak, as the slopes of blackbodies at these two tem- 
peratures are quite similar. To detect differences in tem- 
perature between a 12000 K and a 14000 K blackbody 
requires colour curves which sample rest wavelengths be- 
low 3800 A, such as the g — z colour of PSl-lOky. And 
indeed this object did show an increase in g — z. 

After this early period of constant colour, the g — r 
colour increases, reaching another phase of almost con- 
stant value at ~ 40d, perhaps indicating a decrease in 
the cooling rate. There are some exceptions to this be- 
haviour, as seen for PTFllrks and PTFlOhgi. The g — r 
colour of PTFllrks increases earlier and with a steeper 
slope than the other SNe, but unfortunately our data 
stop before the possible second period of constant colour. 
In contrast, the g — r colour for PTFlOhgi increases much 
more slowly, and only reaches the possible late constant 
phase at ~ 80d. 

The r — z colours of the sample show a roughly constant 
increase from peak to ~ 50 — 60d, when the colour evo- 
lution appears to flatten. The two exceptions are again 
PTFllrks and PTFlOhgi; the former increases in r — z 
more rapidly than the other objects, whereas the latter 
does not become as red, and experiences a clear decrease 
in r — z after 80d. The r — z colour evolution of SN 
2010gx is similar to that of SN 2011ke and PTFlOhgi. 

3.4. Temperature evolution 

In Fig. [5] the evolution of the temperature is plotted. 
This is derived from a blackbody fit to the continuum 
of our spectra (see Sect. [S]), and compared to those of 
SN 2010gx and SN 2007gr. We also fit colour tempera- 
tures at rest-frame with a blackbody and the measure- 
ments are in good agreement with those from spectra. 

Only PTFllrks has a good temperature coverage 
around peak, whereas our spectroscopic data are not well 



sampled at that phase. While we can not clearly confirm 
the apparent constant temperature seen in SN 2010gx 
until ~ lOd, the epochs either side at ±10d are sug- 
gestive of a roughly constant temperature phase. After 
'^ lOd a clear decline in temperature is seen, with a rate 
of decline of ^2500 K over lOd. This decline continues 
until the SN reaches a constant temperature of ~ 6000 
K prior to, and during, the pseudo nebular phase. 

4. BOLOMETRIC LUMINOSITY 

Simultaneous UV-optical-NIR photometry at all 
epochs is required to obtain a direct measurement of the 
bolometric luminosity. This is typically difficult to attain 
at all epochs during a SN lightcurve, and wc do not have 
complete wavelength coverage for the five SL-SNe. Nev- 
ertheless, valid corrections can be applied to the observed 
photometric bands to compute the bolometric flux. 

The effective temperatures of the photospheres of SL- 
SNe Ic during their flrst 30-50 days after explosion are 
betw een Tbb - 13000 - 19000 K (see T able 10 and 
iPastorello et al.ll2010l:rChomiuk et al.il2012[ ). This means 
that their fluxes peak in the UV (A < 3000 A) during this 
period while our griz bands typically cover from rest- 
frame 3800 A redwards. Thus a significant fraction of 
the fiux is not covered by the optical griz imaging. At 
around 20d after peak, the effective temperatures tend 
to drop below 10000 K, hence the SEDs peak between 
3000 A and 4000 A. Although the peak of the SED moves 
redward, a significant amount of the bolometric flux is ra- 
diated in the UV even during these late stages. In the fol- 
lowing, we will use the term "(7rz2;-bolometric lightcurve" 
to refer to a bolometric lightcurve determined using only 
the specified filters (in this example, griz) with the flux 
set to zero outside the observed bands. 

Initially, the broad band magnitudes in griz were con- 
verted into fluxes at the effective fllter wavelengths, then 
were corrected for the adopted extinctions (cfr. Sect. [5]). 
A SED was then computed over the wavelengths covered 
and the flux under the SED was integrated assuming 
there was zero flux beyond the integration limits. Fluxes 
were then converted to luminosities using the distances 
previously adopted. We initially determined the points 
on the (jfriz-bolometric lightcurves at epochs when griz 
were available simultaneously (or very close in time) . For 
epochs with coverage in less than the four filters we were 
able to estimate the griz-bolometric lightcuves. Magni- 
tudes from the missing bands were generally estimated 
by interpolating the light curves using low-order poly- 
nomials between the nearest points in time. For some 
points this interpolation was not possible and we used 
one of two methods. The first was an extrapolation as- 
suming constant colours from neighbouring epochs, the 
second was using colours from the other SL-SNe at sim- 
ilar epochs. For example, we used the latter method for 
the last point on the lightcurve for PTFlOhgi. The griz- 
bolometric light curves estimated using this technique 
are plotted in the left panel of Fig. |6l 

Useful Swift photometry for UV flux measurements ex- 
ists for PTFllrks and SN 201 Ike (see TablcfTTj). Which 
allow us to compare the (7rzz-bolometric light curves and 
the UV griz-holometric lightcurves (pseudo-bolometric 
hereafter), where the UV component is determined from 
the uvw2, uvm2 and uvwl filters covering 1800-3000A. 
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Fig. 6.— Left: griz bolometric lightcurves of PTFllrks, SN 2011ke, PTFlOhgi, SN 2011kf, SN 201211, SN2010gx and the Type Ic SN 
1998bw {BVRI bolometric lightcurve). These bolometric lightcurves are computed after correcting the observed broadband photometry 
for time dilation and applying ii'-corrections. The dashed line is the slope of ^®Co to ^^Fe decay, the dot-dashed line is the decay slope 
with a 10% error. Right: Comparison betwreen the griz bolometric light curve (filled symbols) and the UVgriz bolometric lightcurve of 
PTFllrks and SN 2011ke which include the measured UV flux from Swift photometry. 

of lChomiuk et al1l201lD . Hence from here on we will use 
griz-bolometric lightcurves for consistency on all objects, 
but we should bear in mind the additional contribution 
from the restframe UV that we have quantified in the 
right-hand panel of Fig. [51 The maximum luminosities 
reached by our computed ^riz-bolometric light curves are 

LpTFllrks - 3.24 X 10^3 erg S-\ LsN2011ke « 4.47 X 10*3 

^ LRN2niikf « 6.45 X 10''3 erg s \ LsN20i2ii > 
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Fig. 7. — Top: Percentage of flux missed, assuming a black- 
body fit, in NIR by SN 2011ke and PTFllrks, and in UV-fNIR 
by PTFlOhgi, SN 2011kf and SN 201211 (the regions not covered 
by our photometry for each object). Bottom: Average percentage 
of the bolometric flux in UV (blue), optical (green) and NIR (red) 
for a representative SL-SN Ic at 2 < 0.25. 



The difference between these two bolometric light curves, 
with and without the radiated energy below 3500 A is 
shown in the right panel of Fig. [5] 

Inclusion of the Swift photometry results in maxi- 
mum luminosities for PTFllrks and SN 2011ke of L« 
4.27 X 10''3 gj.g g-i ajj(j Y^^ 7 08 x 10'*3 erg s'^ respec- 
tively. Hence the griz-bolometric fluxes, are a factor 1.5 
lower than when including the 1800-3000A range covered 
by uvwX — uvw2 filters. While one could fit a black-body 
curve to the observed griz SEDs (or the spectra) and 
integrate under the curve to determine the emitted total 
flux across all wavelengths, this would not account for 
the strong line absorption shown in the rest-frame UV 
spectra (for example, clearly seen in the high-z objects 



erg s 
« 6.45 X lU'" erg 
^ and LpTFiohgi « 2.09 x lO''" erg 
these are lower than those reported 
by iChomiuk et"aLl (|20lH) for the z ~ 0.9 objects PSl- 
lOky and PSl-lOawh due to the lack of restrframe UV 
coverage for our low redshift sample. 

The comparison in Fig. [5] further quantifies the large 
bolometr ic luminosities of these SL-SNe Ic - as dis - 
cussed bvlPastorello et a l.l (120101) .IQuimbvet al.] (l2011aD. 
IChomiuk et al.l (|2011l) a^ lleloudas et al.l (|20ia) . There 
is clearly some diversity in the lightcurve peaks and 
widths. The low redshift of these objects makes it pos- 
sible to follow the evolution beyond lOOd after peak for 
the first time. Only one other o bject (SN 2010gx) has 
been investigated in this phase (jPastorello et al.l [20101 : 
iChen et aI1l2013() and no detection was found at greater 
than 100 days. Quantifying the host contribution and us- 
ing image subtraction to recover the SL-SN flux in these 
late phases is essential (as discussed in Sect. [3]). It tran- 
spires that SL-SNe Ic show a large diversity in this phase, 
quite different to the relatively homogenous behaviour 
around peak. After 50d post maximum, all four of the 
SL-SNe Ic for which we have data (SN 2011ke, SN 2012n, 
SN 201 Ikf and PTFlOhgi) show an abrupt change in the 
slope of the gri z-holonictric lightcurve. The slope flat- 
tens and is quite similar to that of the decay of '^^Co to 
s^Fe. SN 2011ke and PTFlOhgi appear to decline even 
slower than the ^^Co slope. 

Additionally, at these later phases we know from de- 
tailed coverage of CCSNe that a significant amount of 
radiation will be emitted in the near-infrared when the 
photospheric temperature drops below 10000 K. This flux 
can be, mostly, captured by JHK photometric obser- 
vations. As we lack this complete wavelength coverage 
for our SL-SNe, we employed an SED method to deter- 
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Fig. 8.— Spectra of P TFllrks are in green. SN 2011ke in blue, SN 2012il in gold, PTFlOhgi in red, SN 2011kf in magenta and SN 2010gx 
UPastorello et al] 120101 ) in black. The phase of each spectrum relative to light curve peak in the rest frame is shown on the right. The 
spectra are corrected for Galactic extinction and reported in the rest frames. The ffi symbols mark the positions of the strongest telluric 
absorptions. The most prominent features are labelled. 
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mine the correction. We use the photospheric temper- 
atures (derived in Sec. 13. 4|) to derive simple blackbody 
SEDs and integrate the flux redwards of the rest- frame z- 
band. The flux missed in the NIR by our grzz-bolometric 
measurements typically increases with time, and reaches 
roughly 50% after ~ 60d post maximum. We plot the 
rest-frame NIR contributions as an average of all the 
SL-SNe presented here, for a representative redshift of 
z < 0.25, in the the bottom panel of Fig. [T) The optical 
component refers to the griz bands (green line), and the 
NIR contribution beyond the z-band is denoted with the 
red line. We also used this method to have a secondary 
estimate of the UV contribution (blue line) . In this case 
we integrated the flux under the black body spectra be- 
low the g-band. We compared the UV flux contribu- 
tion with those evaluated from the two SNe which have 
Swift UV photometry and find the two are consistent 
within the errors. Fig. [7] summarises the flux contribu- 
tions from the different wavelength regimes and allows 
the jirzz-bolometric lightcurves to be corrected when re- 
quired. 

If these tail phase luminosities were powered by ^^Co 
then it would require that there is full 7-ray trapping in 
the ejecta. This is not typically seen in Type Ic SNe. For 
example, the BVRI bolometric lightcurve of SN 1998bw 
is shown for compariso n which decays faster than the 
nominal ^^Co half-life. iSoUerman et al.l (|2000 f) showed 
that if one assumes a fixed energy source (i.e. some mass 
of ^^Co), then the trapping efficiency decreases with time 
(oc i-2). Hence at the epochs of these SL-SNe (100-200 
days) only around ~ 45% of the 7-rays would be trapped 
if they had similar ejecta mass and density profiles to 
other Type Ic SNe. This seems to be in contradiction 
to the measured slopes which appear either to follow the 
^^Co decay timescale or even be slightly shallower. De- 
spite this issue, we shall initially assume (for illustrative 
purposes) that the tail phases are actually powered solely 
by radioactive decay. This allows a corresponding mass 
of ^^Ni to be determined. Later in this paper we shall 
show that the tail phase luminosity may be powered by 
magnetar energy injection rather than ^^Co decay. Al- 
though four of the SL-SNe do show a flattening in their 
luminosity, it appears SN 2QlQgx does not, a t least not 
at the detectability level of iChen et al.l ()2013D . The data 
we have for PTFllrks does not allow a conclusion. 

We initially make the assumption that 7-rays from 
^^Co decay are fully thermalized during the full dura- 
tions of the lightcurves we measure. We know that for 
typical SN Ic ejecta this is not the case, but it allows us 
to derive illustrative masses for ^^Co powering. The ^^Ni 
masses can thus be estimated using the formula 



M(56Ni)sN = 7.87 X 10 



l (t-to)/(l + z)^6.10 ] 



Mo, (1) 



(e.g. as employed by lHamuvll2003[ ). where to is the explo- 
sion epoch, 6.1 d is the half-life of ^^Ni and 111.26 d is the 
e-folding time of the ^^Co decay, which re lease 1.71 MeV 
and 3.57 MeV, respectively as 7-rays (jWooslev et al.l 
[TOSI [CaPDellaro et al.l[l997h . 

This method gives ^''Ni masses of M('^*'Ni)sN20iikc ^ 
0.5 Mq, M(56Ni)sN2oi2ii ~ 1.2 Mo, M(56Ni)pTFiohgi -- 
1.1 M0, while for SN 2011kf we retrieved an approx- 
imate M(^^Ni)sN20iikf < 1-9 Mq. The measured de- 



cline for SN 2011kf was slightly steeper than the fully 
trapped ^^Ni tail. We also estimated an upper limit 
M(56Ni)pTFiirks ^ 1-3 Mq, for PTFllrks based on the 
last epoch in which the SN was detected. These val- 
ues should be considered as lower limits because of our 
limited rest frame wavelength coverage. At this phase, 
the contribution from the NIR plays an important role 
in the bolometric luminosity of SNe, as de scribed above. 
Indeed, the SEP of SN 19 87A (data from iHamuv et all 
119881 : iBouchet et al.llT989l ). also suggests that as much 
as 50% of the total flux for our transients could be out- 
side the griz bolometric lightcurves (at these epochs SN 
1987A has already reached a constant temperature in the 
tail phase). Thus, to obtain a truer idea of the ^^Ni mass 
required to power these tail phases, the measured lumi- 
nosities should be increased by roughly a factor two. In 
summary, we find that if the luminosity in the tail phase 
is powered by ^^ Co then the ejected ^^Ni values required 
to power the lightcurves lie between 1.0 M© and 2.4 Mq, 
with an upper limit of 3.8 Mq for SN 2011kf. These 
^^Ni mas ses cannot power the peak of the lightcurves, a s 
shown by'Pastorello et al.' (2010') ; 'Quimbv etaD ()2011al ) ; 
Chomiuk et al. (2011); Leloudas ct al. (2012). As we dis- 
cuss below, we consider that the luminosity we detect in 
this phase is not necessarily due to radioactive ^^Co de- 
cay energy injection. 

5. SPECTROSCOPY 

All spectra were reduced (including trimming, over- 
scan, bias correction and fiat-fielding) using standard 
routines within IRAF. Optimal extraction of the spectra 
was adopted to improve the final signal-to-noise (S/N) 
ratio. Wavelength calibration was performed using spec- 
tra of comparison lamps acquired with the same config- 
urations as the SN observations. Atmospheric extinction 
correction was based on tabulated extinction coefficients 
for each telescope site. Flux calibration was performed 
using spectro-photometric standard stars observed on the 
same nights with the same set-up as the SNe. The flux 
calibration was checked by comparison with the photom- 
etry, integrating the spectral flux transmitted by stan- 
dard griz filters and adjusted by a multiplicative factor 
when necessary. The resulting flux calibration is accurate 
to within 0.1 mag. 

The collected spectr a are shown in Fig. [8l t ogether with 
spectra of SN 2010gx (jPastorello et al.ll201(l for compar- 
ison. A version with all the spectra convolved to the same 
resolution and binned to the same pixel scale is shown in 
Appendix [C] In our spectroscopic sample we do not have 
pre-peak spectral coverage, which typically shows C 11, 
Si III and Mg 11 at UV wavelengths (< 3000 A) and O 11 
in the optical region ([Quimbv et al.|[2011al ). The only 
lines which we may expect to be visible in our wave- 
length regions (namely O 11) have already disappeared 
by ~ 3 — 12 days. At those epochs the SL-SNe spectra 
are featureless with the notable exception of PTFllrks, 
which shows weak broad absorption profiles of heavy el- 
ements such as Fe 11, Mg 11 and Si 11 between 3000 A and 
6500 A. A weak Ca 11 H&K absorption line is barely de- 
tected in PTFllrks, as is the case for SN 2011ke and SN 
201211. Redwards, Mg II A4481 and the Fe 11 multiplet 
AA4924, 5018, 5169 are visible in PTFllrks. Other Fe 11 
lines are barely visible in the region around 4500 A, while 
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TABLE 2 
Journal of spectroscopic observations. 



Date 



MJD 



Phasc^ 

(days) 



Range 

(A) 



Resolution'' 

(A) 



Instrumental 
configuration 



PTFllrks 



09/01/12 55936.36 3.1 3400-9200 13 

17/01/12 55944.34 9.8 3500-9200 13 

26/01/12 55952.57 16.7 3500-9200 13 

03/03/12 55989.38 47.6 4300-8300 5 



NOT+ALFOSC-l-Gm4 

NOT-fALFOSC-l-Gm4 

NOT-fALFOSC-l-Gm4 

WHT-fISIS-fR158R 



SN 2011ke 



15/05/11 55696.52 8.8 3300-10000 14 TNG-l-DOLORES-(-LRB,LRR 

22/05/11 55704.46 15.7 3400-9200 14 CAHA+CAFOS-l-b200 

01/06/11 55714.48 24.5 3300-10000 14 TNG-fDOLORES-l-LRB,LRR 

09/06/11 55722.45 31.4 5100-9700 5 WHT-fISIS-fR158R 

18/06/11 55731.49 39.4 3300-10000 14 TNG-l-DOLORES-l-LRB,LRR 

25/06/11 55738.49 45.5 3600-8800 16 NTT-|-EFOSC2+Gml3 



SN 201211 


30/01/12 
03/03/12 
17/03/12 


55956.53 
55989.51 
56003.56 


12.8 
40.9 
52.9 


3400-9200 
5000-7800 
3000-23000 


13 
5 
2 


NOT+ALFOSC-(-Gm4 

WHT-|-ISIS+R300B,R158R 

VLT+XSHOOTER 


PTFlOhgi 


20/07/10 
28/08/10 
11/09/10 


55398.41 
55436.53 
55451.37 


32.7 
67.4 
80.9 


3400-9200 
3200-8000 
3200-8300 


14 
16 
10 


CAHA+CAFOS-fb200 

GEMINI-|-GMOS-fR150 

WHT-|-ISIS+R300B,R158R 


SN 2011kf 


30/01/12 
03/03/12 


55956.74 
55989.75 


25.1 
51.6 


3400-9200 
4700-8300 


13 
10 


NOT+ALFOSC+Gm4 
WHT+ISIS-I-R158R 



Note. — The telescope abbreviations are the same used in the Appendix, in Tabs.l5l[6l[7ll9l 
& [To] plus TNG = 3.6m Telescopic Nazionale Gahleo + DOLORES; CAHA = 2.2m Tele- 
scope at Calar Alto Observatory + CAFOS; VLT = 8.2m ESO Very Large Telescope -|- 
XSHOOTER; GEMINI = 8.2m Gemini Telescope North -|- CMOS. 
'^ phases with respect to the g-band maxima and corrected for time dilation 
^ FWHM of night sky emission lines 




4000 6000 8000 10000 12000 14000 10700 10850 11000 

Rest Wavelength (A) 

Fig. 9. — Spectrum of SN 201211 at ~53d post maximum. The spectrum is corrected for Galactic extinction and reported in its rest 
frame. The most prominent features are labelled. In the right panel a zoom of the He I line (spectrum binned by a factor 10) is shown 
with the gaussian fit of the line. The dashed vertical line marks the expected position of He I A10830. 
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a shallow absorption due to Si ii A6347 is also present. 
None of these lines are clearly detectable in SN 20 like 
and SN 2012il at a similar phase. 

Two weeks after maximum, SN 2011ke shows Mg ii, 
Fe II and Si ii hues together with a clearer Ca ii feature, 
albeit still shallower than for PTFllrks. The spectra 
obtained around 30d for SN 2011kf and PTFlOhgi have 
a low signal to noise (S/N) ratio of ^ 10 which makes 
line analysis problematic. However, the comparison with 
the other spectra indicates broad absorption profiles from 
Mg II and Fe ii. The only line visible in the red part of 
the spectrum (> 7000A) is O i A7775 in SN 2011ke. 

From ~ 30d after maximum onwards there is no strong 
evidence of new broad features emerging blueward of 
8000 A, with the exception of the rise of Mg i] A4571. The 
absorption lines of Mg and Fe become shallower, result- 
ing in the emission components becoming more promi- 
nent from ~50d onwards. The Fe ii emission line at 
~ 5200 A is broader than Mg i] suggesting it may be 
a blend. The only exception to this general trend is 
PTFlOhgi. In the last two available spectra PTFlOhgi 
shows Ca II H&K (possibly blended with Mg ii), three 
distinct absorptions related to the individual compo- 
nents of the Fe ii muhiplet (AA4924, 5018, 5169) and 
Na iD AA5890,5896. Although the spectral evolution is 
relatively homogeneous, two of the sample have notice- 
able differences. In the first two weeks of evolution of 
PTFllrks the absorption line strengths look stronger, 
with EWpTFiirks ^ 4 X EWsL-SNcic- The later phase 
line formation in PTFlOhgi also looks different, with 
narrower absorption lines more similar to velocities seen 
in Type Ic SNe (see the comparison with SN 2007gr in 
Fig fTU)) Weak, narrow emission lines (Ha, H/? and [O in] 
A4959, A5007) from the host galaxies are also visible in 
all spectra, except those of PTFlOhgi. These will allow 
metallicity and star formation rate measurements in the 
host, which is underway in a companion paper (Chen et 
al., in prep). 

Fig.[S]shows the complete spectrum of SN 201211 taken 
at ~ 53d with VLT-|-XShooter, which has the widest 
wavelength coverage for a SL-SNe obtained to date. As 
previously mentioned, bluewards of 8000 A, Ca ii H&K, 
Mg i], shallow Fe ii and O i are present. A strong Ca ii 
NIR triplet AA8498, 8542, 8662 is visible, with the bulk 
of the absorption component at w = 12000 ±2500 kms^^. 
This is higher than the other absorption components (e.g. 
O I ti ~ 9500 kms~^) and comparable with the velocities 
of the broad emission components of Ca ii H&K, Mg i]. 
At about 7300A a weak emission line is evolving and 
we tentatively identify it as [Ca ii] AA7291,7324 emission 
feature. The presence of [Ca ii] and the emission lines 
around 4500 A imply that the SNe is evolving, slowly, to- 
ward the nebular phase. This seems to coincide with the 
change in slope of the light curve. In the NIR the S/N~5 
in the continuum is less than in the optical (S/N~30), al- 
though it is still adequate to identify the strongest lines. 
We identify Mg ii around 9200 A and Mg i A15024, al- 
though the last identification is less certain due to the 
low S/N and the proximity of a strong telluric feature. 
Most significantly, we identify He i A10830, the first sign 
of the presence of He in this group of SL-SNe Ic. We 
note that the only other ions which have transitions at 
this wavelength are Ar ii, Fe i. Si I and C I. These are 
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Fig. 10. — Top; comparison of early-time spectra of SN 2011ke 
and PTFllrlcs with that of SN 2010gx (Pastorello ct ah 2010) and 
those of Type Ic SNe 2004aw ( Taubenbcrecr ct al. 2006) and 19941 
lIBaron et al.lll996l ). At ~10d post maximum PTFllrks is already 
more developed than SN 2011ke and SN 2010gx. Middle; com- 
parison at about ~ 30d post peak of the same objects as for the 
previous panel, but showing PTFllrks instead of PTFlOhgi. Bot- 
tom; comparison of the spectrum of PTFlOhgi at ~ 67d with 
those of SN 2010gx at the pseudo nebular phase, SN 2004aw at 
maximum light during the photospheric period, and Type Ic SN 
2007gr (Valcnti ct al. 2008; Hunter ct al. 2009). The spectrum of 
PTFlOhgi is more similar to those of SNe 2004aw and 2007gr at 
29d rather than those of SN 2010gx at 57d and SN 2004aw at 8d 
(as noted in Pastorello ct al. 2010 ). 

expected to be intrinsically weaker than He i. There are 
no strong sky lines at the observed postion of this line 
~ 12725A. Although we do not see other He i lines in the 
spectrum, this is not unexpected. In the Case B recom- 
bination in the temperature regime T < 10000 K and 
electron density 10^ < n^ < 10^ - the A10830 line is ex- 
pected to be stronger than A5876 line (the strongest in 
the optical region) by a factor 2 to 10. 

The spectral evolution of the SL-SNe sample in 
this paper, provide s additi o nal in formation to that re- 
ported in Pastorel lo et al.l (|2010( ). In the top panel 
of Fig. [10] the comparison of the early t i me s pectra 
with those of SN 2010 gx (Pastorello et all I2010D. and 
the Tvpe Ic SNe 19941 (iBaron et al.l ll996D and 2004aw 
(jTaubenberger et al.ll2006[ ) highlights a difference in the 
line evolution between PTFllrks and other SL-SNe. The 
spectrum at 9.8d is similar to that of a Type Ic close to 
maximum light showing a faster transition to a Type Ic 
SNe than the others. In contrast, other SL-SNe such as 
SN 20 like match normal Type Ic SNe only after ~30d 
(middle panel Fig. [TUl) , resembling the spectral transition 
of SN 2010gx at this epoch. This makes the temporal 
evolution of PTFllrks very similar to those of canonical 
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Fig. 11. — Expansion, photospheric velocity as measured from the 
different lines. Phases are relative to light curve peak. Measure- 
ments of PTFllrks (green), SN 2011ke (blue), SN 201211 (gold), 
PTFlOhgi (red) and SN 2011kf (purple) are reported with those of 
SN 2010gx (black). The dashed black line shows the Fe II evolution 
in the normal Type Ic SN 2007gr. 

SNe Ic. Again the low S/N of the spectrum of PTFlOhgi 
(32. 7d) precludes a precise analysis, although there are 
hints of a peculiar line evolution at wavelengths redder 
than 5500 A. In the bottom panel, SN 2010gx resem- 
bles SN 2004aw at ^ lOd after peak whereas PTFlOhgi 
matches normal Type Ic SNe at ~30d, with a good match 
to SN 2007gr. From this comparison it appears that 
PTFllrks and PTFlOhgi evolve to into Type Ic SN on 
timescales of about 20 days quicker than other SL-SNe. 
The "fainter" luminosity (M> —21) of these two objects 
and their faster evolution to Type Ic SNe may provide 
another clue to understand the evolutionary path of these 
transients. It appears from these objects that the lower 
the peak luminosity, the faster the evolution of the pho- 
tospheric spectra, with a time delay of 10 days to the 
Type Ic phase instead of the usual 30 days shown by 
most SL-SNe Ic. 

5.1. Expansion velocity 

The expansion velocities measured for PTFllrks, SN 
2011kc, SN 201211, PTFlOhgi and SN 2011kf are reported 
in Tab. 131 and are compared with t hose of SN 2 010gx and 
the standard Type Ic SN 2007gr (jHunter et a l. 2009) in 
Fig. 111! In the photospheric phase these were derived 
from the minima of the P-Cygni profiles and their errors 
were established from the scatter between several inde- 
pendent measurements. During the phase in which the 
objects appear to be transitioning to the nebular phase 
(i.e. beyond about 50 days) the velocities were computed 
as the FWHM of the emission lines (we will call this 
the pseudo- nebular phase). These are not tracers of the 
photospheric velocity and are reporte d for completeness; 
they will be discussed further in Sect. 16.21 We used Fe ii 
A5169, Mg II A4481 and O i A7775 to measure velocities 
during the photospheric phase, and Ca ii H&K and Mg i] 
A4571 during the pseudo-nebular phase. The Fe ii ve- 
locity evolution monotonically declines for all transients, 
ranging from ~ 18000 kms~^ around peak to ~ 8000 
kms~^ at 50d. After this epoch we have only PTFlOhgi 
spectra, and they still show clear absorption components 



of Fe II. The decline in velocity is faster and it reaches 
~ 4600 kms~^ at the last epoch of 80 days, which is 
quite similar to the Fe ii velocity of SN 2007gr. Mg ii in 
the photospheric phase is always seen at higher velocity 
than Fe ii, and decreases linearly by ~ 1000 kms^^ ev- 
ery 10 days. The O i velocity is comparable with that of 
Fe II, with the exception of SN 2011ke where it is slower 
than all other ions (albeit with large uncertainties due to 
the low S/N). Ca ii and Mg i] appear after ~40d from 
maximum light and show the same intensity and velocity 
of ^ 11000 kms^^ in the entire sample. 

The PTFlOhgi spectra after 60d show Ca ii absorption 
at late epochs, similar to normal Type Ic SNe. Fig. [TT] 
shows evidence for decreasing line velocity with time, 
especially from lOd post peak as seen for SN 2010kx 
(prev iously reported as a comparison in IChomiuk et al.l 
120111 ). Our analysis shows a clear sign of change in the 
rate of photospheric expansion (30 — 40d), with a de- 
cline which resembles that typically observed during the 
photospheric phase of a CCSN explosion. 

6. ON THE NATURE OF SL-SNE IC 

The SN sample presented in this paper provides new 
data for understanding the nature of super-luminous 
events. The similarity within this family is well estab- 
lished: high luminosity, similar spectral evolution and an 
origin in faint host galaxies. The overall spectral evolu- 
tion is indeed similar to that of SNe Ib/c, although SL- 
SNe spectroscopically evolve on a much longer timescale. 
However, the observed parameters of SL-SNe present sev- 
eral problems in interpreting the explosion. The enor- 
mous lumi nosity at peak ca nnot be powe red by radioac- 
tive ^^Ni (IPastorello et~all [2 010: Quimb fetaLl 1201 lat 
ICho miuk et al.ll2011l : iLeloudas et al.ii201^ which is the 
canonical energy source for SNe Ic emission. However, 
we showed in Section [4] that the tail phase luminosity 
in some objects declines in a similar fashion as to what 
would be expected from ^^Co decay. 

In the following subsections we use this most extensive 
dataset to constrain plausible models for the origin of 
these SNe, particularly using the bolometric luminosity 
from -30 to 200d and the temperature and velocity infor- 
mation. In this paper we focus on quantitative modeling 
of the magnetar spin down scenario (Sect. 16.21) . Several 
other models have been proposed, which we briefly re- 
view in Sect. 16.11 The bolometric light curves used in 
this Section are corrected for flux missed in both UV and 
NIR as described in Section|4l 

6.1. Alternative models 

Alternative models have been proposed: the spin down 
of a rapidly rotating young magnetar (Kasen & Bildstea 
[20101: iWooslevI 120101: IDessart et al.ll2012D : interaction of 
the SN ejecta with a ma ssive (3-5 M p^) C/O-rich cir- 
cumstellar medium fCSM. lBlinnikov"fc Sorokina 2010) ; 
shock breakout from dense mass loss dChevalier fc IrwinI 
120111 ): or pulsational pair instability in which collisions 
between high velocity sh ells are the source of multiple, 
bright optical transients (IWooslev et a l. 2007). 

The first scenario considered is the pulsational pair- 
instability model, where the luminosity is powered by 
the collision of shells of material ejected at different ti mes 
by the pulsations (see lChatzopoulos fc Wheeleill2012l for 
the implementation of this on SL-SNe Ic) . The outbursts 
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TABLE 3 

Observed blackbody temperature, expansion photospheric velocities from Fe ii A5169, Mg ii A4481 and O i A7775 

IN our SL-SNe sample on the left. Expansion velocities from Ca ii H&K and Mg il A4571 on the right. 



Date 



MJD 



phase^ 
(days) 



T 
(K) 



V (Fc II) 
(kms-i) 



V (Mg II) 
(kms-i) 



V (0_I) 
(kms ^) 



V (Ca II) 
(kms-l) 



V (Mg_I]) 
(kms ^) 



PTFllrks 



09/01/12 


55936.36 


3.1 


14000 ± 2000 


17800 ± 2000 


19000 ± 3000 




17/01/12 


55944.34 


9.8 


11500 ± 1000 


17200 ± 2000 


18000 ± 2000 




26/01/12 


55952.57 


16.7 


8500 ± 1000 


16800 ± 2000 


17000 ± 2000 




03/03/12 


55989.38 


47.6 


5800 ± 1000 









SN 2011ke 



15/05/11 


55696.52 


8.8 


13000 ± 2000 


17800 ± 3000 


19000 ± 3000 


12000 ± 2000 






22/05/11 


55704.46 


15.7 


12000 ± 2000 


13500 ± 2000 


17000 ± 3000 








01/06/11 


55714.48 


24.5 


8000 ± 1000 


12500 ± 1000 


16000 ± 2000 


9500 ± 2000 






09/06/11 


55722.45 


31.4 


7000 ± 1000 












18/06/11 


55731.49 


39.4 


6800 ± 1000 


12000 ± 1000 




9000 ± 2000 




10000 ± 1500 


25/06/11 


55738.49 


45.5 


6600 ± 1000 


9800 ± 1500 




8500 ± 2000 


10000 ± 1500 


10000 ± 1500 



SN 2012il 


30/01/12 
03/03/12 
17/03/12 


55956.53 
55989.51 
56003.56 


12.8 
40.9 
52.9 


13000 ± 2000 
7500 ± 1000 
6000 ± 1000 


17500 ± 2000 
10000 ± 2000 


9500 ± 1500 


12000 ± 2500 


12000 ± 2500 


PTFlOhgi 


20/07/10 
28/08/10 
11/09/10 


55398.41 
55436.53 
55451.37 


32.7 
67.4 
80.9 


7400 ± 1000 
7000 ± 1000 
6500 ± 500 


5200 ± 300 
4600 ± 300 


7900 ± 1000 


8300 ± 800 
8000 ± 800 


9800 ± 1000 
9500 ± 1000 


SN 201 Ikf 


30/01/12 
03/03/12 


55956.74 
55989.75 


25.1 
51.6 


7400 ± 1000 
6000 ± 1000 


12000 ± 3000 
8000 ± 1000 







^ corrected for time dilation 



are expected to be energetic, reaching very high peak 
luminosities and creatin g hot (T^ff ^ 25000 K), opti- 



cally thick photospheres (jWooslev et aI]|2007D . PSl has 
occasionally observed the explosion sites of the five SL- 
SNe presented here, and SN 2010gx on 3-5 occasions (per 
event) in one of gpirpizpizpiypi filters, reaching typical 
AB magnitudes of 22, 21.6, 21.7, 21.4, 19.3 (see Sectll]). 
This would correspond to absolute magnitudes of roughly 
— 16 to —19. We found no detection of any previous out- 
burst to these magnitude limits in the 1-2 year periods 
before explosion. Typically there were 5-10 epochs of im- 
ages from PSl. This is not a constant monitoring period, 
and it docs not rule out that pre-explosion outbursts oc- 
cur, but we have found no evidence for them. 

The second sc enario is that of circums tellar interac- 
tion proposed bv lChevalier fc IrwinI (|2011| ) in which the 
interaction between the ejecta and the CSM converts the 
ejecta's kinetic energy into radiation. This requires the 
diffusion radius of the SN to be about the radius of the 
stellar wind e xpelled by the SN proge n itor. Based on 
this m odel of iChevalier fc Irwiiil ()2011l ) , iChomiuk et al.l 
(|2011h determined the dense wind and ejecta parame- 
ters for the observed z ~ 1 SL-SNe. This requires a 
mass-loss rate of 6 Mq in the last year before the SN 
explosion, with an outer radius of around 40000 Kq , and 
ejecta ma ss of 10 M^;) (consistent wi th the estimates re- 
ported in lMoriva fc Tominagal [20T2I ) . The rise times of 
our low-z SNe are s imilar to that of PSl-lOawh (from 
IChomiuk et al.|[2011[ ) - around 10-30 days which wordd 
lead to similar estimates of masses. The detection of He i 



in SN 201211 at ^ 53d is perhaps some hint that the dense 
CSM wind could be plausible, since it is difficult to find 
any known massive star example in the Local Universe 
which has a dense and extended wind comprising 6 Mq 
of C-l-0 material only. Although the S/N in the NIR is 
low, the He i line is relatively broad, indicating that it 
arises from ejecta. Although most SL-SNe have similar 
rise times which are fea sible in the diffusion model of 
IChevalier fc IrwinI (|20TTI) . the light curves of SN 2010gx 
(jPastorello et al.ll2010t ). PTFllrks and SN 201211 are not 
symmetric, which o ne would expect in this den se wind 
scenario. However, iGinzburg fc Balbergj (j2012( ) showed 
as the rise and fall times can be different. They also 
showed that the tail phase can be explained as diffusion 
from the inner layers which can slow the decline. We 
have not investigated in this scenario in depth, but a 
combination of this model plus a ^^Ni tail would be un- 
likely because of the necessity of full 7-ray trapping (see 
SecH. 

A variant of the previous scenario was proposed by 
iBlinnikov fc Sorokinal (|2010f ) claiming high luminosities 
from a radiative shock in a massive C-0 shell. The shells 
have radii and density profiles that ar e similar to the 
dense wind of .Chevali er fc IrwinI ()2011|) . with a density 
gradient of p{r) oc r~^'* and radii of the order 10^ Rq. 
Considering a total ejecta mass Moj < 1 Mq, which col- 
lides with a shell of mass 5 Mq , these models have initial 
energies (2 — 4 x 10^^ erg) higher than those retrieved by 
the expansion velocities during the pseudo nebular phase 
in our set of spectra (^ 1 x 10^^ erg). Moreover, the light 
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Fig. 12.— The bolometric light curves of PTFIOhgi, SN 2011ke, PTFllrks, SN 2011kf, SN 2012il and SN 2010gx and the diflFusion 
semi-analytical model that best fit the light curve (black solid line). Limits are shown as empty upside down triangles. Best fit of the ^ Ni 
model (black dashed line) for each SN is also reported. The x-axes refer to magnetar models. 
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curves are too shallow and they are not able to reproduce 
the SN 2010gx dechne after 30d post maximum hght. We 
find no unequivocal signs of interaction in the spectra of 
the objects. 

In Sects. [Ql and l4l we have presented detections of the 
SNe at later times than published to date, due to our 
focus on low redshift candidates. We detect a flattening 
of the lightcurve and a tail phase in four out of five tran- 
sients and this slope appears to be consistent with ^^Co 
decay. In summary these interaction scenarios can repro- 
duce the peak energy and diffusion time. However the 
ejecta/shell velocity should be lower (by about a factor 
of 2) than those observed. And one still needs another 
power source for the late time luminosity that we now 
detect in these SL-SNe Ic. 

As shown pre vio usly b y iChatzopoulos et all (12009 ) 
Pastorello et al.l (I2010D ; iQuimbv et all (12011a ) 
Chomiuk et al.l (I201H ): IChatzopoulos et al.l (|2012l i 
Leloudas et al.l (I2012D . the lightcurve peaks cannot be 



Temperature (K) 



fit with a physically plausible ^^Ni diffusion model like 
normal SNe Ic, and our similarly shaped lighcurves 
result in the same conclusion. If the tail phase was 
actually due to ^^Co powering, then approximately 
1-4 M0 of ^^Ni would be required. But this would not 
be enough to power the peak luminosity solely through 
radioactive heating. In Fig. [12] we also show the best 
fitting ^^Ni-powered models, under the assumptions 
that the ^^Ni mass must be <50% ejecta mass, and that 
the ejecta velocities are less than 15000 kms~^. The 
first assum ption is based on the impl ausibility of a pure 
^^Ni ejecta: lUmeda fc Nomot"ol (|2008n found typical s^Ni 
masses which are at most 20% of the ejecta, while if the 
ejecta was comprised of more ^^Ni than this, we would 
expect to see spectra dominated by Fe-group rather than 
intermediate mass elements. The velocity constraint 
is motivated by the observed velocities in our sample. 
Thus we derived kinetic energies of 6.2 < i?(10^^erg) 
< 15.0, ejecta masses of 5.9 < Moj(M0) < 13.0 and ^^Ni 
masses of 2.9 < M56-^^{Mq) < 6.0 (see Appendix ID. 51 for 
further details). From the fits appear that no physical 
and consistent solutions for ^^Ni heati ng can be deter- 
mine d, as found by pr evious a uthors (iPastorello et al.l 
20101: loin mbv et alt IMTat IChomiuk et al.l 120111 : 
Leloudas et al.l 12013 1. One could invoke a combination 



of CSM interaction to explain the peak luminosity and 
then ^^Ni masses of 1-4 M© to account for the tail 
phases. But as discussed above, this requires full 7-ray 
trapping and somewhat fine tuning of the two scenarios 
to work in unison. 

6.2. Magnetar model 

IKasen fc BildstenI (I20TI : IWooslevI (poToh : 
(|2012f ) have already proposed that 
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rapidly spinning magnetar can deposit its rotational 
energy into a supernova explosion and significantly 
enhance the luminosity. This appears to be an appealing 
scenario as the model is fairly simple, and this additional 
power source can potentially transform a canonical Type 
Ic SN into a SL-SN Ic. To investigate this further and 
quantitatively compare our extensive lightcurves with 
this model we have derived a semi-analytical diffusion 
mo dels. We use standard diffusion equations derived 
by lArnettJ ()1982f ) and add magnetar powering (as in 
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Fig. 13.— Left: photosphcric velocities of SN 2011ke, PTFllrl<;s, 
SN 2012il, PTFIOhgi, SN 2011kf, SN 2010gx and and their values 
in the semi-analytical models best fitting the light c urv e data. Dif- 
ferent symbols correspond to different ions as in Fig. llll Right: tem- 
perature evolution of SN 2011ke, PTFllrks, SN 201211, PTFIOhgi, 
SN 2011kf, SN 2010gx and their values in the semi-analytical mod- 
els best fitting the light curve data. 
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iKasen fc BildsteDll2010|) to fit the light curves of our five 
objects. A full description can be found in Appendix [Dl 
Assuming full trapping of the magnetar radiatiorP^. the 
ejecta mass Mcj, explosion energy E]^, and the opacity k 
only influence the bolometric light curve through their 
combined effect on the diffusion time-scale parameter 
(see Appendix IDJ) 



10 d 



1 Af« 



3/4 



Eu 



2051 erg 



-1/4 



0.1 cm^g-i 



1/2 



(2) 
The magnetar luminosity depends on two parameters, 
the magnetic field strength B14 (expressed in terms of 
IG^^G) and the initial spin period Pms (in milliseconds). 
Combined with the explosion date to, we therefore have 
four free parameters to fit. Tab. U lists the best-fit pa- 
rameters for each object, and Fig. [T2l shows the fits. As 
the x^ fitting gives good matches to models without ^^Ni, 
we have no need to introduce ^^Ni as an additional free 
parameter. All the models have M(''^^Ni) = M0 and 
we investigated the sensitivity to the assumed ^^Ni mass 
by recomputing the fits including 0.1 Mq of ^^Ni in the 
ejecta (the typical ^^Ni yield in core collapse SNe). We 
find virtually the same fit parameters as we do without 
the nickel. As can be seen from Fig. [14] (top) , the two 
magnetar models {B14 = 5, Pms = 5, Mej = 5 Mq) with 
(red dashed) and without ^^Ni (black solid) are similar. 
The late decline rate in the magnetar model (>100d) is 
actually quite similar to the ^^Co decay rate as shown in 
Fig. HH (bottom) , but fully trapped 7-rays are required. 
As Fig. [T4l shows, this full trapping is different from the 
typical light curve of a radioactivity-powered Type Ib/c 
SN in which ful l trap ping is not observed. Recently, 
iDexter &: KasenI ()2012D showed that fall-back accretion 
can give a similar asymptotic behaviour of the light curve 
(Lt oc t~^/^) which is a scenario that would need further 
investigation. 

The lightcurves are quite well reproduced with appro- 
priate choices of parameters, and the tail phase lumi- 
nosities that we measure can also be explained with this 
model. The diffusion time scale parameters are between 
15-35 days, which corresponds to ejecta masses of 2-9 
Mq for K = 0.1 cm^ g^^ (see Appendix iDJ for further 
details about k) and 



Eu = 10 



51 



1 (£;niag _ ^ 

2 ^ 



rad\ 



) (erg) 



(3) 



where E"^^^ is the total energy of the magnetar and 
^rad jg |.]-^g total radiated energy of the SN. We use 
a factor of 1/2 for an approximation of the average 
kinetic energy over the magnetar energ y input phase, 
which we show in the Appendix ID. 41 produces good 
agreement with more detailed time dependent calcula- 
tions of i^k E3- These ejecta masses are consistent with 

^* Which is the case if the SED of the magnetar is dom inated by 
X-ray radiation, as in the Crab pulsar for instance tWeissk opf et al] 



A-ray 1 
[2000n . 



^^ We also investigated the sensitivity to this assumption by 
computing masses (as well as photospheric velocities and temper- 
atures) also from _Bit = 10^^ -I- 0.4 E""'S where the 40% conversion 
to kinetic energy is a typical value IIWooslevll201CII ). We found very 
small differences in the derived quantities. 




100 200 300 

Days since explosion 



0.02 



>, 

CO 
T3 
^_ 
CD 
Q. 

C 

o 

o 

CO 



CD 

■fo 



0.015 



0.01 



g 0.005 

cu 
Q 



\ L(t) ~ t-2 


MD-e-"""' 


~^^^^^ 







TOO 150 200 250 300 
Time (days) 



350 400 



Fig. 



14. — Top: Bolometric light curves for B14 = 5, Pms = 5, 
Mcj = 5 Mq without ^ Ni contribution (black solid) and with 
M(5^Ni) = 0.1 M0 (red dashed). Also shown is the total en- 
ergy emitted by M(5^Ni) = 0.1 M© (green dotted) and the light 
curve produced by this amount of ^^Ni in a 5 Mq ejecta with 
Eit = 10^^ erg (blue dot-dashed). Bottom: Comparison between 
magnetar and ^^Co decay rate. The grey box is the region where 
the two slopes are similar to within 25%. 

the ones deriv ed for radio activity-powe red Type Ib/c 
ejecta ( Ensma n fc Wooslevl[l9 88: Shigcv ama et al.lll990l: 
Valenti et al.l 120111 : iDroutet all 120111: lEldridge et al.l 
2013f ). Furthermore, Fig. [T3] shows that the evolution 
of photospheric velocities and temperatures match the 
observed ones reasonably well. While the velocity and 
temperature evolution as estimated from our models are 
crude, this good agreement is an important test for 
the physical self-consistency of the model. From the 
lightcurve fits to ejecta mass and kinetic energy, we esti- 
mate the ejecta velocities (Vcoro, see eq. ID11| which we 
compare to the observed velocities of the emission lines 
(Ca HfcK and Mg I] A4571, see Tab. EJ, finding them 
reasonably similar. 

From the plot of bolometric light curves shown in Fig El 
it appears that there is a gap between the faintest SL-SNe 
Ic, and the brightest normal Type Ic. One possibility is 
that this is an ob servational bias. As SL- SNe Ic are in- 
trinsically rare C Quimbv et al.l2011all2013l ). we find them 
at moderate redshifts simply due to the large survey vol- 
ume required to find them. If intermediate objects were 
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TABLE 4 
Best-fit parameters for magnetar modelling of the bolometric light 

CURVES and Y^ , value ON THE LEFT. DERIVED PARAMETERS ON THE RIGHT. 



Object 



Bi 



(day) 



to 
(MJD) 



•^red 



gmag 

(lO^l erg) 



M„: 



■y filial 
^corc 



(Mq) (kms-i) 



SN 2011kc 


35.0 


6.4 


1.7 


55650.65 


1.8 


6.9 


8.6 


12400 


SN 2011kf 


15.4 


4.7 


2.0 


55920.65 


5.8 


5.0 


2.6 


19600 


SN 2012il 


18.4 


4.1 


6.1 


55918.56 


3.9 


0.5 


2.3 


10500 


PTFlOhgi 


26.2 


3.6 


7.2 


55322.78 


0.5 


0.4 


3.9 


7700 


PTFllrks 


21.0 


6.8 


7.5 


55912.11 


5.0 


3.6 


2.8 


16500 


SN 2010gx 


32.4 


7.4 


2.0 


55269.22 


3.9 


5.0 


7.1 


11900 



also as rare, then we would require wider field searches 
to encompass more local volume as they may evade de- 
tection at the higher redshifts of known population of 
SL-SNe. An alternative explanation is that the mecha- 
nism powering the SL-SNe has a mini mum energy. From 
the semi-analytic magnetar model of iKasen &: Bildstenl 
(J2010) which we have used to match our light curves, 
we see that the peak magnetar luminosity is inversely 
p roportional to the squa re of the magnetic field (eq. 
4 iKasen fc Bildstenl I2010D . Hence, the question arises, 
could the apparent lower luminosity limit to the SL-SNe 
Ic be caused by some physical upper limit to the magnetic 
field in a magnetar? For our faintest SL-SNe, and using 
a minimum plausible ejecta mass of 1 M© , we determine 
an upper limit t o the magnetar B-field of B < lAx 10^^ 
G fr omEq. 4 of IKasen fc Bildstenl (|2010[) . If we consider 
that IKasen fc BildstenT l 20101) assume an angle between 
the B field and the spin axis of the magnetar of 45°, then 
a factor of two higher than this value could be a plausible 
maximum. We hence adopt i? < 3 x 10^^ G. 

The most conservative limit we can set is that the 
magnetic energy in the magnetar must be less than 
the gravitational binding ene rgy of the neutron star 
([Chandrasekhar fc Fermilll953D . This implies that 



B < 10' 



Mns 

1.4 Mq 



Rns 
10 km 



G 



(4) 



which does not set a particularly stringent upper limit 
on the B-field. This limit is consistent with the B val- 
ues retrieved from all the galactic magnetars studied so 
far w hich have B ~ 10" - lO^^ G ( Woods fc ThompsonI 
|2006( ). However, magnetic fiel ds are known to be a possi- 
ble source of braking in stars (|Mevnet et al.l[201ll ). while 
the magnetar models require an extreme magnetic field 
and fast rotational period. An explanation for both a 
small rotational period and a large magnetic field could 
be a large-scale helical dynamo, that is possible when 
the rotation period i s comparable to the timesca le of the 
convective motions (jDuncan fc ThompsonI [l993 ). 

7. CONCLUSION 

We have presented extensive photometric and spectro- 
scopic coverage of five of the lowest redshift SL-SNe Ic. 
For one of them, SN 201 Ike, we present a lightcurve from 
-30d to 200d, showing a well constrained rise time and a 
clear detection at 200d indicating a flattening of the lu- 
minosity. In four out of six SL-SNe, we show that there is 
significant luminosity in this late tail phase, and we illus- 
trate that these measurements can aid our understanding 
of the power source and the possible progenitors of these 
ultra luminous transients. 



The five SNe, namely PTFlOhgi, SN 2011ke, 
PTFllrks, SN 2011kf and SN 201211 have absolute mag- 
nitudes —21.73 < Mg(mag) < —20.42 similar to previ- 
ous SL- SNe as well as a spectra l evolution resembling SN 
2010gx (|Pastorello et al.ll2010D . There is some variation 
in the sample as two of the objects are fainter than the 
rest and spectroscopically evolve faster. PTFlOhgi and 
PTFllrks have peak absolute magnitudes fainter than 
Mg > —21 mag. The spectra of PTFllrks evolves faster 
than the rest and at lOd post maximum it resembles a 
normal Type Ic at peak. In contrast, SN 2010gx and 
three other SNe presented here typically take 30 days 
to evolve to this phase. The latest spectrum we have 
of PTFlOhgi shows well developed lines of Fe ii at ve- 
locities which are more comparable with standard Type 
Ic SNe, significantly slower than the bulk of the SL-SNe 
Ic sample. Our xshooter spectrum of SN 201211 -f52d 
is the only NIR spectrum of an SL-SNe Ic and we de- 
tect a broad He i A10830 in emission implying that at 
least some SL-SNe Ic are not completely He-free. Dur- 
ing the epochs of ±10 d around peak the temperatures 
and velocities are nearly constant and do not show a 
clear decrease until after that period. We find that the 
decay timescale in the 100-200d period is similar to that 
expected from the radioactive decay of ^^Co, but it re- 
quires the 7-rays to be fully trapped. This is in contrast 
to the faster decline observed in most Type Ib/c SNe, 
where 7- ray leakage has a signi ficant effect from 50 days 
onwards ([Sollerman et al.ll2000[) . Hence it is unlikely that 
this is due to large amounts (1-4 Mq) of ^^Ni produced 
in the explosion. 

We applied a semi-analytical diffusion model with en- 
ergy input from a spinning down magnetar to fit the 
lightcurves of our five objects and SN 2010gx, includ- 
ing the diffusion peak and the tail phase detections. All 
lightcurves, including the tail phases are reproduced with 
feasible physical values for a magnetar. powered SL-SN. 
We require 3.6 < Bu < 7.4, 1.7 < Pms< 7.5 consis- 
tent with B of known galactic magnetars {Bu ■^ 1 — 10) 
and with physically plausible periods (Pms > !)■ We de- 
rived energies of 0.4 < £^^^^{10^^ erg) < 6.9 and ejected 
masses of 2.3 < Afej(M0)< 8.6. 

The well sampled data of the five SL-SNe Ic presented 
here combined with those of SN 2010gx point toward a 
SN explosion driven by a magnetar as a viable explana- 
tion for all the SL-SNe Ic. The lightcurves are repro- 
duced and the model temperatures and velocities are in 
reasonable agreement with the observational data. How- 
ever even if this is a reliable model, it still leaves other 
open questions such as 
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• Do H-rich SNe pow ered by mag netars exislE3 ? 
Possibly SN 2008es ()Gezari et alj [2009) could be 
an example of such a luminous type II SN. In other 
words, why do we observe so many more H-free 
than H-rich SL-SNe? 

• What is the role of metallicity in the progenitor 
stars evolution that will produce a H-free SL-SNe? 
It appears that they are all associated with faint 
dwarf galaxies and almost certainly low metallicity 
progenitors. 

• Do realistic spectral calculations of magnetar 
driven SN reproduce the main observed features 
at late time? 

• Where is the peak of the magnetar SED and how 
does the magnetar radiation deposit and thermalize 
in the nebular phase? 

To address these, further observations are required 
combined with modelling. Theoretical modelling of high 
quality data in the nebular phase to determine the ejecta 
masses, composition and the mass of ^^Co contributing 
to the luminosity seems the most likely way to make 
progress. Optical spectroscopy at ~300d post explosion 
appears to us to be the next step in probing the nature 
of these events. At z ~ 0.1, the typical AB magnitudes 
of these sources are ~ 23 ± 0.5, requiring approximately 
1 night of 8m telescope time to gather a spectrum with 
high enough signal-to-noise to measure the expected Ic- 
like emission lines with confidence. 
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TABLE 5 

Observed (non _ft'-coaHECTED) photometry of PTFIOhgi plus associated errors in parentheses. Also reported 

ARE THE HOST GALAXY MAGNITUDES. MEASURED AFTER THE SN HAS FADED. 



Date 


MJD 


Phase'' 


-1 g 


r 




i 


z 




Telescope 


15/05/10 


55331.61 


-28.0 




19.10 ( - ) 










ATel 2740 


18/05/10 


55334.57 


-25.3 




18.90 (0.07) 










PSl 


26/05/10 


55342.33 


-18.2 






18.49 


(0.07) 






PSl 


26/05/10 


55342.34 


-18.2 






18.48 


(0.06) 






PSl 


15/06/10 


55362.40 


0.0 


18.23 (0.05) 












PSl 


19/06/10 


55366.45 


3.7 




18.04 (0.10) 










PSl 


20/06/10 


55367.75 


4.9 




18.00 ( - ) 










ATel 2740 


21/06/10 


55368.53 


5.4 






18.01 


(0.05) 






PSl 


21/06/10 


55368.55 


5.4 






18.02 


(0.05) 






PSl 


13/07/10 


55390.81 


25.8 20.08 


(0.12) 












UVOT 


17/07/10 


55395.39 


30.0 


18.93 (0.05) 


18.63 (0.08) 


18.56 


(0.05) 


18.58 


0.14) 


LT 


18/07/10 


55396.00 


30.5 20.80 


(0.15) 












UVOT 


20/07/10 


55398.47 


32.8 


19.24 (0.08) 


18.88 (0.09) 


18.84 


(0.08) 


18.91 


0.10) 


LT 


23/07/10 


55401.50 


35.5 


19.44 (0.08) 


19.11 (0.09) 


18.91 


(0.08) 


19.10 


0.10) 


LT 


27/07/10 


55405.39 


39.1 


19.60 (0.05) 


19.17 (0.06) 


19.03 


(0.03) 


19.16 


0.10) 


LT 


31/07/10 


55409.40 


42.7 


19.74 (0.02) 


19.29 (0.03) 


19.10 


(0.04) 


19.24 


0.10) 


LT 


14/08/10 


55423.39 


55.4 


20.16 (0.03) 


19.59 (0.03) 


19.44 


(0.04) 


19.30 


0.10) 


LT 


17/08/10 


55426.42 


58.2 


20.21 (0.04) 


19.60 (0.05) 


19.47 


(0.05) 


19.34 


0.11) 


LT 


19/08/10 


55428.87 


60.4 


20.28 (0.17) 


19.64 (0.07) 


19.52 


(0.05) 


19.37 


0.09) 


FTN 


20/08/10 


55429.43 


60.9 


20.33 (0.13) 


19.66 (0.06) 


19.53 


(0.06) 


19.39 


0.16) 


LT 


24/08/10 


55433.38 


64.5 


20.40 (0.07) 


19.70 (0.05) 


19.60 


(0.07) 


19.40 


0.05) 


LT 


27/08/10 


55436.40 


67.3 


20.48 (0.29) 


19.77 (0.12) 


19.62 


(0.09) 


19.44 


0.26) 


LT 


30/08/10 


55439.82 


70.4 


20.49 (0.08) 


19.83 (0.04) 


19.64 


(0.03) 


19.48 


0.09) 


FTN 


01/09/10 


55441.37 


71.8 


20.54 (0.01) 


19.84 (0.04) 


19.71 


(0.05) 


19.56 


0.05) 


LT 


05/09/10 


55445.37 


75.4 


20.64 (0.04) 


19.89 (0.04) 


19.76 


(0.06) 


19.65 


0.07) 


LT 


07/09/10 


55447.80 


77.6 


20.67 (0.03) 


19.92 (0.04) 


19.82 


(0.03) 


19.78 


0.07) 


FTN 


08/09/10 


55448.38 


78.2 


20.70 (0.03) 


19.97 (0.04) 


19.87 


(0.04) 


19.83 


0.08) 


LT 


13/09/10 


55453.77 


83.1 


20.85 (0.05) 


20.06 (0.05) 


19.97 


(0.05) 


20.04 


0.09) 


FTN 


20/09/10 


55460.36 


89.0 


21.01 (0.08)'' 


20.21 (0.09)'' 






20.21 (0.13)'' 


LT 


22/02/11 


55615.21 


229.8 






23.82 


(0.31)'' 






WHT 


24/02/11 


55616.23 


231.2 




23.92 (0.30)'' 










WHT 


28/04/11 


55679.56 


288.3 


>21.98 












PSl 


Host 




















26/05/12 


56073.00 


646.0 


23.64 (0.23) 


22.01 (0.09) 










WHT 


28/05/12 


56075.00 


648.0 






22.18 


(0.15) 


21.59 


0.15) 


TNG 



Note. — PSl = 1.8 m Pan-STARRSl; UVOT = Swift + UVOT; LT = 2.0 m Liverpool Telescope 
= 2.0 m Faulkes Telescope North -|- MEROPE; WHT = 4.2 m William Herschel Telescope + ACAM. 
^ phase with respect to the g-band maximum, corrected for time dilation 
'' magnitudes after image subtraction using 646-648d images 



RATCam; FTN 
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TABLE 6 
Observed (non .fC-coRRECTED) photometry of SN 2011ke and associated errors in parentheses, plus host (see Tab.[5J. 



Date 


MJD 


Phase'' 


u 




B 


g 


^ 


V 




r 




i 


z 


Tel. 


16/03/11 


55637.00 


-43.3 










>20.10 












CSS 


30/03/11 


55649.55 


-32.3 














>21.17 








PSl 


30/03/11 


55650.50 


-31.5 








21.00 ( - ) 
















ATel 


31/03/11 


55651.58 


-30.5 


















20.07 


(0.06) 




PSl 


31/03/11 


55651.60 


-30.5 


















20.05 


(0.06) 




PSl 


02/04/11 


55653.57 


-28.8 














19.40 


(0.05) 








PSl 


02/04/11 


55653.58 


-28.8 














19.41 


(0.05) 








PSl 


06/04/11 


55657.99 


-24.9 










18.61 


(0.08) 












CSS 


14/04/11 


55665.98 


-17.9 










18.06 


(0.07) 












CSS 


15/04/11 


55666.80 


-17.2 








18.07 (0.08) 






18.00 


(0.06) 


18.21 


(0.08) 




PSl 


25/04/11 


55677.00 


-8.3 










17.65 


(0.07) 












CSS 


05/05/11 


55686.50 


0.0 








17.70 ( - ) 
















ATel 


12/05/11 


55693.98 


6.5 










17.75 


(0.06) 












CSS 


13/05/11 


55694.99 


7.4 








18.08 (0.08) 






17.91 


(0.06) 


18.15 


(0.06) 


18.20 (0.09) 


LT 


13/05/11 


55695.54 


7.9 


18.34 (0.11) 






18.08 (0.04) 






17.92 


(0.02) 


18.10 


(0.04) 


18.13 (0.05) 


FTN 


15/05/11 


55695.92 


8.2 




18.26 


(0.09) 




17.97 


(0.08) 












EKAR 


14/05/11 


55695.92 


8.2 








18.15 (0.08) 






18.01 


(0.10) 


18.15 


(0.09) 


18.22 (0.12) 


LT 


14/05/11 


55695.95 


8.3 








18.16 (0.08) 






18.02 


(0.04) 


18.18 


(0.04) 


18.18 (0.09) 


LT 


14/05/11 


55696.37 


8.6 


18.46 (0.20) 






















UVOT 


15/05/11 


55696.93 


9.1 








18.20 (0.14) 






18.01 


(0.06) 


18.28 


(0.08) 


18.25 (0.20) 


LT 


16/05/11 


55697.96 


10.0 


18.72 (0.17) 






18.17 (0.05) 






18.07 


(0.06) 


18.19 


(0.03) 


18.22 (0.04) 


LT 


17/05/11 


55698.36 


10.4 


18.79 (0.24) 






18.15 (0.07) 






18.06 


(0.06) 


18.17 


(0.04) 


18.28 (0.05) 


FTN 


17/05/11 


55698.95 


10.9 


18.95 (0.21) 






18.29 (0.05) 






18.05 


(0.03) 


18.26 


(0.04) 


18.16 (0.07) 


LT 


18/05/11 


55700.04 


11.8 




18.62 


(0.13) 




18.11 


(0.05) 












EKAR 


18/05/11 


55700.05 


11.8 














18.10 


(0.08) 


18.25 


(0.04) 




LT 


19/05/11 


55700.90 


12.6 










18.14 


(0.05) 












EKAR 


19/05/11 


55700.94 


12.6 


19.08 (0.10) 






18.41 (0.02) 






18.18 


(0.02) 


18.26 


(0.02) 


18.35 (0.03) 


LT 


20/05/11 


55702.03 


13.6 


19.23 (0.10) 






18.46 (0.02) 






18.19 


(0.02) 


18.26 


(0.03) 


18.43 (0.04) 


LT 


21/05/11 


55702.97 


14.4 








18.54 (0.02) 






18.22 


(0.02) 


18.31 


(0.02) 


18.37 (0.03) 


LT 


22/05/11 


55703.93 


15.2 


19.31 (0.07) 






18.60 (0.02) 






18.30 


(0.03) 


18.34 


(0.02) 


18.42 (0.03) 


LT 


23/05/11 


55704.92 


16.1 




18.94 


(0.04) 




18.35 


(0.04) 












EKAR 


23/05/11 


55704.93 


16.1 


19.33 (0.07) 






18.65 (0.02) 






18.33 


(0.02) 


18.42 


(0.02) 


18.45 (0.03) 


LT 


27/05/11 


55708.95 


19.6 




19.20 


(0.04) 




18.55 


(0.03) 












EKAR 


27/05/11 


55709.40 


20.0 










18.56 


(0.07) 












CSS 


28/05/11 


55710.29 


20.8 


19.97 (0.03) 






18.98 (0.04) 






18.51 


(0.02) 


18.48 


(0.03) 


18.56 (0.06) 


FTN 


30/05/11 


55710.37 


20.9 


20.08 (0.30) 






















UVOT 


31/05/11 


55712.94 


23.1 


20.08 (0.09) 






19.13 (0.02) 






18.60 


(0.02) 


18.61 


(0.02) 


18.62 (0.03) 


LT 


31/05/11 


55712.97 


23.2 




19.45 


(0.03) 




18.73 


(0.02) 












EKAR 


03/06/11 


55715.93 


25.7 


20.25 (0.10) 






19.30 (0.02) 






18.77 


(0.02) 


18.71 


(0.02) 


18.70 (0.03) 


LT 


06/06/11 


55719.37 


28.8 


20.79 (0.41) 






















UVOT 


07/06/11 


55719.98 


29.3 




20.03 


(0.09) 


















EKAR 


09/06/11 


55721.93 


31.0 


21.69 (0.44) 






19.79 (0.05) 






19.09 


(0.04) 


19.06 


(0.03) 


19.05 (0.06) 


LT 


12/06/11 


55724.50 


33.2 










19.25 


(0.11) 












CSS 


17/06/11 


55730.00 


38.1 




20.55 


(0.08) 




19.61 


(0.04) 












EKAR 


24/06/11 


55736.75 


44.0 


22.05 (0.12) 


20.98 


(0.06) 




20.03 


(0.04) 


19.81 


(0.04) 


19.76 


(0.05) 




NTT 


28/06/11 


55740.90 


47.6 




21.24 


(0.08) 




20.33 


(0.08) 












EKAR 


02/07/11 


55745.33 


51.5 








21.40 (0.16)b 






20.42 


(0.07)'' 


20.07 


(0.07)'' 


19.94 (0.08)" 


FTN 


09/07/11 


55751.93 


57.2 








21.95 (o.ie)'' 






20.99 


(0.30)'' 


20.84 


(0.17)" 


20.64 (0.25)" 


LT 


13/07/11 


55755.93 


60.7 




21.52 


(0.24) 




21.00 


(0.27) 












EKAR 


23/07/11 


55765.94 


69.5 








22.15 (0.06)b 






21.26 


(0.06)'' 


21.02 


(0.07)'' 


20.86 (0.14)" 


LT 


24/07/11 


55766.89 


70.3 








22.18 (0.08)'' 






21.28 


(0.07)'' 


21.06 


(0.07)" 


20.88 (0.14)" 


LT 


25/07/11 


55767.90 


71.2 








22.20 (0.06)'' 






21.32 


(0.06)'' 


21.08 


(0.07)" 


20.91 (0.12)" 


LT 


03/08/11 


55776.89 


79.1 








22.40 (0.11)'' 






21.48 


(0.10)'' 


21.24 


(0.08)" 


21.07 (0.15)" 


LT 


21/12/11 


55917.74 


202.3 








23.95 (0.30)'' 






23.14 


(0.24)'' 


22.50 


(0.20)" 


22.30 (0.23)" 


WHT 


Host 
26/05/12 


56073.50 


338.6 








21.18 (0.05) 






20.72 


(0.04) 


20.47 


(0.04) 


20.90 (0.10) 


WHT 


12/06/04 


53169.22 




21.54 (0.24) 






21.20 (0.08) 






20.71 


(0.08) 


20.59 


(0.11) 


21.30 (0.67) 


SDSS DR9 



Note. — CSS = 0.7 m Catalina Schmidt Telescope; PSl = 1.8 m Pan-STARRSl; LT = 2.0 m Liverpool Telescope -|- RATCam; FTN = 2.0 m Faulkes 
Telescope North + MEROPE; UVOT = Swift -|- UVOT; EKAR = 1.8 m Copernico Telescope + AFOSC; WHT = 4.2 m William Herschel Telescope + 
ACAM, NTT = 3.6m New Technology Telescope -f EFOSC2, ATel = ATel 3344 
^ phase with respect to the g-band maximum, corrected for time dilation 
" magnitudes after image subtraction using 339d images 
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TABLE 7 
Observed (non .fC-coRRECTED) photometry of PTFIIrks and associated errors in parentheses, plus host (see 

TAB.©. 



Date 


MJD 


Phase'' 




u 


g 


r 


i 


z 


Telescope 


21/12/11 


55916.70 


-13.4 








19.9 (-) 






ATel 3841 


27/12/11 


55922.70 


-8.4 








19.1 (-) 






ATel 3841 


30/12/11 


55925.24 


-6.3 


20.49 


(0.12) 










UVOT 


01/01/12 


55927.56 


-4.3 


20.30 


(0.11) 










UVOT 


02/01/12 


55929.42 


-2.8 






19.26 (0.09) 


19.03 (0.20) 






LT 


03/01/12 


55930.42 


-1.9 






19.19 (0.06) 


18.94 (0.04) 


19.14 (0.04) 


19.25 (0.27) 


LT 


04/01/12 


55931.34 


-1.1 






19.18 (0.04) 


18.88 (0.03) 


19.05 (0.08) 


19.19 (0.24) 


LT 


05/01/12 


55931.85 


-0.7 


20.46 


(0.10) 










UVOT 


05/01/12 


55932.72 


0.0 






19.13 (0.05) 


18.87 (0.05) 


19.01 (0.03) 


19.14 (0.21) 


FTN 


08/01/12 


55935.73 


2.5 






19.22 (0.04) 


18.96 (0.02) 


18.99 (0.04) 


19.06 (0.06) 


FTN 


09/01/12 


55936.40 


3.1 






19.23 (0.03) 


18.97 (0.03) 


19.00 (0.04) 


19.06 (0.08) 


LT 


10/01/12 


55936.71 


3.4 


20.55 


(0.10) 










UVOT 


12/01/12 


55939.32 


5.6 






19.30 (0.02) 


19.03 (0.06) 


18.97 (0.04) 


19.03 (0.05) 


LT 


14/01/12 


55941.32 


7.2 






19.37 (0.04) 


19.04 (0.03) 


18.98 (0.05) 


19.07 (0.28) 


LT 


15/01/12 


55941.51 


7.4 


20.93 


(0.16) 










UVOT 


15/01/12 


55942.35 


8.1 






19.38 (0.02) 


19.04 (0.03) 


18.98 (0.04) 


19.09 (0.09) 


LT 


21/01/12 


55948.75 


13.5 






19.65 (0.04) 


19.19 (0.02) 


19.08 (0.04) 


19.10 (0.07) 


FTN 


24/01/12 


55951.73 


16.0 






19.79 (0.04) 


19.28 (0.03) 


19.17 (0.05) 


19.16 (0.06) 


FTN 


27/01/12 


55954.44 


18.3 






19.93 (0.05) 


19.41 (0.06) 


19.22 (0.08) 


19.17 (0.14) 


LT 


29/01/12 


55956.84 


20.3 








19.46 (0.21) 






FTN 


04/02/12 


55962.75 


25.2 






20.58 (0.14) 


19.62 (0.04) 


19.44 (0.03) 


19.35 (0.03) 


FTN 


08/02/12 


55966.74 


28.6 






20.90 (0.20)'' 


20.04 (0.08)'' 


19.84 (0.13)'' 


19.71 (0.16)'' 


FTN 


03/03/12 


55990.34 


48.4 








20.82 (0.15)^ 


20.55 (0.44)'' 




LT 


26/06/12 


56105.26 


145.3 






>22.9 


>22.4 


>22.1 




WHT 


Host 
22/09/12 


56192.50 


218.3 






21.67 (0.07) 


20.83 (0.05) 






WHT 


16/10/09 


55121.47 




21.51 


(0.32) 


21.59 (0.11) 


20.88 (0.10) 


20.71 (0.14) 


20.03 (0.29) 


SDSS DR9 



Note. — Swift «-band data have been converted to SDSS magnitudes. UVOT = S^i 
Telescope -|-RATCam; FTN = 2.0 m Faulkes Telescope North +MEROPE; WHT = 
+ACAM; GS = 8.1 m Gemini South +GMOS. 

" phase with respect to the g-band maximum, corrected for time dilation 
'' magnitudes after image subtraction using 218d images or SDSS iz images 



■ift -l-UVOT; LT = 2.0 m Liverpool 
4.2 m William Herschel Telescope 



TABLE 8 
Observed (non K-corrected) NIR photometry of PTFIIrks plus associated 

ERRORS IN parentheses. 



Date 



MJD 



Phase'' 



H 



K 



Telescope 



07/02/12 


55965.84 


29.1 






18.86 (0.10) 


NOT 


08/02/12 


55966.88 


30.0 


19.31 (0.10) 






NOT 


09/02/12 


55967.83 


30.9 


19.32 (0.10) 






NOT 


10/02/12 


55968.84 


31.8 


19.42 (0.10) 


19.41 (0.09) 




NOT 



Note. — NOT = 2.56 m Nordic Optical Telescope -I- NOTCam. 
phase with respect to the g-band maximum, corrected for time dilation 
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TABLE 9 
Observed (non K-corrected) photometry of SN 201 Ike and associated errors in parentheses, 

PLUS HOST (see TaB.[5J. 



Date 


MJD 


Phase'' 


g 


r 


i 


z 


Telescope 


30/12/11 


55925.54 


0.0 


18.60 (0.08) 








ATel 3873 


25/01/12 


55951.54 


20.9 


19.15 (0.08) 








LT 


21/02/12 


55979.74 


43.5 


20.91 (0.08) 


19.79 (0.06) 


19.55 (0.05) 


19.40 (0.10) 


LT 


22/02/12 


55980.71 


44.3 


20.91 (0.11) 


19.83 (0.05) 


19.52 (0.07) 


19.31 (0.10) 


LT 


23/02/12 


55981.62 


45.0 


20.93 (0.05) 








LT 


24/02/12 


55982.69 


45.9 


20.96 (0.11) 


19.86 (0.06) 


19.61 (0.06) 


19.41 (0.06) 


LT 


08/03/12 


55995.71 


56.4 




20.24 (0.08) 


19.87 (0.10) 


19.64 (0.21) 


LT 


10/03/12 


55997.68 


57.9 


21.40 (0.19) 


20.32 (0.11) 


19.95 (0.09) 


19.71 (0.19) 


LT 


12/03/12 


55999.69 


59.6 


21.44 (0.19) 


20.39 (0.10) 


19.97 (0.08) 


19.78 (0.12) 


LT 


13/03/13 


56000.70 


60.4 


21.45 (0.10) 


20.39 (0.05) 


19.99 (0.11) 


19.81 (0.19) 


LT 


18/03/12 


56005.67 


64.4 


21.54 (0.09) 


20.51 (0.06) 


20.13 (0.09) 


19.97 (0.10) 


LT 


23/03/12 


56010.65 


68.4 


21.69 (0.16) 


20.80 (0.10) 


20.40 (0.15) 


20.25 (0.19) 


LT 


27/03/12 


56014.66 


71.6 


21.95 (0.11) 


21.03 (0.12) 


20.55 (0.18) 


20.52 (0.20) 


LT 


24/05/12 


56073.15 


118.9 


23.14 (0.21)'^ 


22.07 (O.U)'' 


21.88 (0.13)*^ 


21.81 (0.15)'' 


WHT 


27/06/12 


56106.04 


145.4 


>23.61 


>22.7 


>22.2 


>22.0 


WHT 


Host 
27/06/12 


56106.04 


145.4 








>22.0 


WHT 


20/07/12 


56128.94 


163.8 


24.24 (0.34) 


23.94 (0.30) 


22.56 (0.33) 




WHT 


06/05/09 


54987.25 




>22.2 


>22.2 


>21.3 


>20.5 


SDSS DR9 



Note. — LT = 2.0 m Liverpool Telescope +RATCam; WHT = 4.2 m William Hcrschel Telescope +ACAM. 
^ phase with respect to the g-band maximum, corrected for time dilation 
^ magnitudes after image subtraction using 163d images and SDSS 



eriz images 



TABLE 10 
Observed (non ii'-coRRECTED) photometry of SN 2012il and associated errors in parentheses, plus 

HOST (see TAB.[5]|. 



Date 


MJD 


Phase'' 


g 


r 


i 


z 


Telescope 


31/12/11 


55927.56 


-11.8 




18.75 (0.09) 






CSS 


05/01/12 


55932.45 


-7.6 








18.99 (0.03) 


PSl 


05/01/12 


55932.49 


-7.6 








18.96 (0.03) 


PSl 


14/01/12 


55941.43 


0.0 




17.98 (0.06) 






CSS 


19/01/12 


55946.44 


4.3 


18.34 (0.01) 








PSl 


21/01/12 


55948.52 


6.0 




18.11 (0.07) 






CSS 


04/02/12 


55961.54 


17.1 






18.94 (0.02) 




PSl 


05/02/12 


55961.55 


17.1 






18.99 (0.02) 




PSl 


11/02/12 


55969.56 


23.9 




18.96 (0.10) 






CSS 


20/02/12 


55978.05 


31.2 


19.83 (0.03) 


19.32 (0.09) 


19.30 (0.07) 


19.45 (0.12) 


FTN 


22/02/12 


55980.56 


33.3 




19.35 (0.10) 






CSS 


23/02/12 


55981.02 


33.7 


20.00 (0.05) 


19.42 (0.04) 






FTN 


29/02/12 


55987.48 


39.2 




19.74 (0.14) 






CSS 


14/03/12 


56000.89 


50.6 


20.97 (0.07) 


20.16 (0.07) 


20.04 (0.08) 


19.85 (0.09) 


FTN 


19/03/12 


56005.86 


54.8 


21.11 (0.06) 


20.25 (0.07) 






FTN 


20/03/12 


56006.90 


55.7 


21.11 (0.07) 


20.26 (0.05) 


20.16 (0.05) 


20.06 (0.14) 


FTN 


23/04/12 


56009.89 


58.3 


21.19'' (0.08) 


20.35 (0.03) 






FTN 


24/03/12 


56010.88 


59.1 


21.20'' (0.09) 


20.39 (0.08) 


20.28 (0.12) 


20.18 (0.09) 


FTN 


29/03/12 


56015.86 


63.3 


21.29'' (0.11) 


20.47 (0.07) 


20.40 (0.08) 


20.30 (0.01) 


FTN 


26/05/12 


56074.02 


113.2 




21.23 (0.20)'' 


21.00 (0.22)'' 


20.87 (0.20)'' 


WHT 


Host 
10/02/13 


56333.04 


327.2 


22.14 (0.17) 


21.57 (0.06) 


21.51 (0.08) 


21.54 (0.35) 


WHT 


03/02/05 


53405.24 




22.13 (0.08) 


21.46 (0.07) 


21.64 (0.11) 


21.50 (0.35) 


SDSS DR9 



Note. — CSS = 0.7 m Catalina Schmidt Telescope; PSl = 1.8 m Pan-STARRSl; FTN 
Telescope North + MEROPE; WHT = 4.2 m William Herschel Telescope + ACAM. 
'^ phase with respect to the g-band maximum, corrected for time dilation 
'' magnitudes after image subtraction using 327d images 



2.0 m Faulkes 
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TABLE 11 

Observed (non /^-corrected) UVOT ultraviolet AB magnitudes of 

SL-SNe Ic plus associated errors in parentheses. 



Date 


MJD 


Phase'' 


uvw2 


uvm2 


uvwl 




PTFlOhgi 


13/07/10 
18/07/10 


55390.31 
55395.50 


25.8 
30.5 


21.93 (0.24) 
22.38 (0.43) 


22.05 (0.27) 
22.40 (0.44) 


20.97 (0.22) 
21.77 (0.29) 


SN 2011ke 


14/05/11 
30/05/11 
06/06/11 
07/06/11 
08/06/11 
08/03/12 


55695.87 
55711.92 
55718.87 
55719.73 
55720.87 
55994.99 


8.6 
22.6 
28.7 
29.6 
30.5 
270.3 


20.67 (0.12) 
21.90 (0.21) 
22.01 (0.37) 
22.27 (0.41) 
22.43 (0.48) 
>23.2 


20.42 (0.13) 
21.71 (0.17) 
21.63 (0.27) 
22.14 (0.38) 
22.40 (0.49) 
>23.1 


18.86 (0.12) 
21.09 (0.21) 

21.53 (0.27) 

21.67 (0.43) 

>23.3 


PTFllrks 


30/12/11 
01/01/12 
05/01/12 
10/01/12 
15/01/12 


55925.24 
55927.06 
55931.35 
55936.21 
55941.01 


-6.2 
-4.6 
-0.8 
3.6 

7.8 


20.92 (0.12) 
21.22 (0.14) 
21.47 (0.14) 
21.54 (0.15) 
22.00 (0.21) 


21.12 (0.13) 
21.52 (0.15) 
21.59 (0.15) 
21.63 (0.20) 
21.68 (0.26) 


20.42 (0.12) 
20.45 (0.14) 
21.17 (0.18) 
21.28 (0.20) 
21.42 (0.24) 


SN 2012il 


13/02/12 
14/02/12 


55971.71 
55971.07 


25.3 
25.6 


22.48 (0.26) 


22.14 (0.19) 


21.33 (0.38) 
21.60 (0.26) 



phases with respect to the g-band maxima, corrected for time dilation 
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12 
II 




PTFIOh£^i .4 



Fig. 15.— r-band image of PTFlOhgi obtained with LT + RATCani on September 5th, 2010. 
the optieal magnitudes is indicated by numbers. 



The sequence of stars used to calibrate 



TABLE 12 

Magnitudes of the local sequence stars in the field of 

PTFIOhgi (cfr. FiG.ITSll. 



ID 




g 


r 






i 


z 




1 


19.52 


(0.05) 


18.04 


0.03) 


17.30 


(0.03) 


17.00 


0.04) 


2 


16.80 


(0.01) 


15.85 


0.02) 


15.40 


(0.02) 


15.23 


0.02) 


3 


17.44 


(0.02) 


16.51 


0.02) 


16.12 


(0.02) 


16.00 


0.02) 


4 


21.27 


(0.08) 


19.99 


0.05) 


19.44 


(0.05) 


19.13 


0.05) 


5 


20.16 


(0.05) 


19.35 


0.05) 


19.06 


(0.04) 


19.02 


0.05) 


6 


20.60 


(0.06) 


19.97 


0.05) 


19.70 


(0.05) 


19.56 


0.07) 


7 


21.34 


(0.08) 


19.89 


0.05) 


18.70 


(0.04) 


18.24 


0.05) 


8 


19.29 


(0.04) 


18.17 


0.04) 


17.66 


(0.03) 


17.50 


0.05) 


9 


19.64 


(0.05) 


18.81 


0.04) 


18.37 


(0.03) 


18.30 


0.05) 


10 


19.26 


(0.04) 


18.18 


0.04) 


17.76 


(0.03) 


17.60 


0.05) 


11 


17.94 


(0.03) 


17.42 


0.03) 


17.24 


(0.03) 


17.20 


0.04) 


12 


20.21 


(0.06) 


19.76 


0.05) 


19.59 


(0.05) 


19.61 


0.06) 



SEQUENCE STARS FOR PTFIOhgi 

Here we report the average magnitudes of the local sequence stars of PTFIOhgi used to calibrate the photometric 
zero points for non-photometric nights. They are reported in Tab. II 2| along with their r.m.s. (in brackets). Their 
positions are marked in FigfTSl along with the SN position. 
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Fig. 16. — Same figure as is Fig.[8]but with all the spectra convolved with a factor of five and subsequently binned to a 5 A scale. Spectra 
of PT Fllrks are in green, SN 2011ke in blue, SN 2012il in gold, PTFlOhgi in red, SN 2011kf in magenta and SN 2010gx UPastorello et al.l 
120101) in black. The phase of each spectrum relative to hght curve peak in the rest frame is shown on the right. The spectra are corrected 
for extinction and reported in their rest frame. The most prominent features are labelled. 
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MAGNETAR-POWERED LIGHT-CURVES 

lArnettI (|1982[ ) derived the solution for the bolometric hght-curve of a homofogously expanding ejecta subject to a 
total (absorbed) power P{t) as 

Ls^(t) = e-(*/-')' /*^^" P{t')2 (i7r„,) eC*'/--)'— erg s-\ (Dl) 

Jo ^m 



1.05 



where Tm is the diffusion time-scale parameter, which in the case of uniform density (_Ek = ixi -^''^cjVc\) i^ 



,_ /,.V^Afri.-/S. (D2) 

The parameter /3 has a typical value of 13.7 ()Arnettill982[ ). which we use throughout. Apart from spherical symmetry 
and homology, the Arnett solution assumes a radiation pressure dominated gas, energy transport by diffusion, constant 
and grey opacity, and that the spatial distribution of energy input by the power source is proportional to the radiation 
energy density. The last assumption is for most cases the coarsest one, but the solutions are not critically dependent 
on deviations from it (|Arnettlll982t ). 

The power function P(t) can generally be expressed as a sum of a set of source luminosities Li{t) multiplied by 
deposition functions Diit): 

Pit)=Y,Ht)Diit)eTgs-\ (D3) 

For radioactivity from ^^Ni and its daughter nucleus ^^Co, the luminosity functions are 

L56Ni(t) = 7.8 • 10« (^^) e-*/--' erg s-\ (D4) 

i.5acoW = 1.4- 10« (^) ^_^ ergs-, (D5) 

where MsgNi is the amount of ^^Ni formed in the explosion, and T^sm and t^qco are the decay times of the isotopes 
(8.7 and 111 days, respectively). 

For a magnetar with a 45-degree angle betwee n the magnetic axis and spin axis, the dipole spin-down luminosity is 
(|Ostriker fc GunnllTOTll : [Kasen fc Bildstenll20inn 

imagnctar(i) = 4.9 • IQ"^ BJ^p-J \—^ erg s-\ (D6) 

(1 + t/Tp) 

where i?i4 is the magnetic field strength in 10^"* G, Pms is the initial spin period in ms, and the spin-down time-scale 

7~ IS 

Tp - 4.7 B^lPl, days . (D7) 

With only magnetar powering, the light-curve parameters are thus r™, _Bi4 and Pms- For a given fit to Tm, the ejecta 
mass is (from Eq. ID2p 

4/T / \ ^2/3 / 77^ \ 1/3 

^- = i^-(i^) (oT^j (loHT^) (°«) 

The weak scaling with n and Ek means that ejecta masses can be meaningfully estimated despite significant uncer- 
tainties in K, and E\^. 

When the energy input J P{t)dt approaches or exceeds the explosion energy, accelerations will not be negligible 
and the homologous approximation becomes poor. A solar mass of ^^Ni emits a total energy of J P{t)dt — 1.9 • 10^° 
erg (including the ^®Co decay), so for an explosion energy of ~ 10^^ erg, accelerations will not be important unless 
M(^^Ni)> 5 Mq. a magnetar, on the other hand, has a rotation energy of 2 • lO^^P^^ erg, so for fast braking with 
efficient trapping, the ejecta can be accelerated to far beyond its explosive velocities. This is a major limitation of 
using the homologous expansion approxi mation, and the consequ ences for the light curve can only be investigated with 
numerical radiation hydrodynamics f see IBucciantini et al.|[2009l and reference therein for some examples). 

The opacity 
The opacity due to electron scattering is 

_ fZ/A 



['^} m "^ ^- . <") 



where Z is the mean atomic charge, A is the mean atomic mass, and Xe = ne/n-cmcici is the ionization fraction. For any 
chemical mixture excluding hydrogen, Z / A k, 0.5, which we can assume since there is no trace of hydrogen lines in 
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the spectra of these objects. The radiation temperature in a radiation-pressure dominated uniform sphere of internal 
energy E{t) is 

1/4 , „,., , _i/8 , \3/8 / , ^ -3/4 



4ZL]/3 
3 "^cj 
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In LTE, and at relevant densities here, the ionization fraction of a pure oxygen plasma at T = 10^ K is a;c "^ 6, for 
carbon it is Xc ~ 4, and for Fe is Xc ^ 10. It should thus be a reasonable approximation to use x^/Z = 0.5. With this 
choice Kcs = 0.1 cm^ g~i, comparable to the value k = 0.08 that Arnet^ (|1982[ ) uses. 

In rapidly expanding media, line opacity can become comparable to or exceed electron scattering opacity (Karp et al.l 
Il977f) . which complicates analytical light curve modelling. A common simplistic approach to take line opacity into 
account is to put a minimum value on the opacity. In previous works, values ranging between 0.01 and 0.24 cm^ g~^ 
have been used (e.g., IHerzig et allllQQOt ISwartz et ai]|1991l: IYoung||2004 IBersten et alll2011l 120121 ). The imphcation 
of line opacity is that k is likely to stay in the 0.01 - 0.2 cm^ g~irange throughout the evolution, and k = 0.1 cm^ g~^ 
is probably not off by more than a factor of a few at any given time. 

Deposition of magnetar radiation 

The spectral and directional distribution of the magnetar radiatio n is highly uncertain . At early times, most radiation 
will undoubtedly be absorbed, but at later times, this is not certain (|Kotera et al.ll2013l) . X-rays are efficiently absorbed 
for a long time by photoionization from inner shell electrons, but gamma rays see a smaller opacity and start escaping 
after a few weeks for typical ejecta parameters. 

Here, we assume full trapping of the magnetar radiation. Most of the energy input occurs over a few weeks after 
explosion , and it is a re asonable assumption that most of the energy emerges as X-rays, as in the Crab pulsar for 
instance (jWeisskopf et al. 20001 . 

Photospheric velocities and temperatures 

To estimate the photospheric velocities and temperatures for a given solution for ejecta mass, we approximate the 
ejecta density structure with a core -I- envelope morphology. The velocity of the homogenous core (which contains 
almost all the mass to force consistency with the diffusion calculation) is determined from 



10 

and its density is given by 



:^MejKorc=^k (Dll) 



Pcorc(t) = 47T7t4^ ■ (D12) 
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Outside we attach an envelope with density profile 



p{t,V)=p,orc{t)[^] (D13) 



The optical depth of the envelope is 



-Rcorc 

Pcore-'*'Core'' 
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' rnrn 
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Kdr (D14) 

(D15) 



(D16) 
where 

Tcoicit) = K.Pcoic{t)Vcoiot . (D17) 

One should in general distinguish between the photosphere and the thermalization layer, where the temperature of 
the continuum is determined. The position of these depend on the total opacity k, and the absorption opacity Ka, 
respectively. However, due to our simple treatment such detail is unwarranted, and we approximate them to be the 
same, i?*. As long as the atmosphere is optically thick (ronv > 1), R*{t) is found from solving 



Kp(r,i)dr = l, (D18) 

RJt) 



which gives 
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M .= 3.0, B,= 3.0, P = 2.0 

ej 14 ms 



M .= 5.0, B,= 4.0, P =1.5 

ej 14 ms 



M . = 10.0, B,, = 5.0, P = 2.0 
ej 14 ms 
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Fig. 17. — Comparison of light curves, photospheric velociti es, and photospher i c tem peratures from our semi-analytical model (black, 
dashed) and the ID radiation hydrodynamical simulations of IKasen &: Bildstenl II2010I ') (red, solid). Also shown is the input magnetar 
energy (blue, dotted line). 



i?*(t) — Rcorc{t) 
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If the photosphere has receded into the core, the expression is instead 

Q — 1 



R:^{t) — i?corc(0 ^ 



(D19) 



(D20) 



^Pcore 

Typical density profiles in Ib/c models show a ~ 10 (e.g. Fig. 1 in IKasen fc Bildstenl l201(il ). which is the value we 
use here. 



From the photospheric radius R^,{t) we retrieved the velocity at the photosphere (Vphot) 

R*{t) 



Vpl,ot{t) = Vcc 



-^corcv^J 



(D21) 



The effective temperature is found from application of the black-body formula, using the model luminosities at 
corresponding times. 

Additional tests 

To test the applicability of our approach, we perform three tests. The first one is to compa re light-curves, photo- 
spheric velocities and temperatures to the radiation hydrodynamical simulations of IKasen fc Bildsten (2010) . Fig. [TTl 
shows three representative examples. For these comparisons, we use eq. [3]to relate magnetar energy to ejecta kinetic 
energy, which shows itsel f a good approximation. Tab. IT3l shows the derived parameters of Mej, B14, P^s and At for 
a series of simulations in IKasen fc Bildstenl (|2010l ). The magnetar properties (B14 and Pms) are reliably recovered to 
within 10-20% of their input values, whereas the ejecta mass can vary, tending to be too low in the fits. It is, however, 
always within a factor 2 of the correct value. 

The second test is to derive parameters for the Type lib SN 201 Idh, using the approach described above (fixing 
El, = lO'^i erg, K = 0.1, a = 10). The be st-fit is shown i n Fig . IT51 The recovered values Mej = 2.2 M© and MsgNi = 
0.08 Mq agree well with the results from lBersten et ahl (|2011[ ). who used r adiation hydrodynamical simulations. 

While for the third one we tried to test our code on Type Ic SNc 1998bw ("Galama et al.' 1998:'McKe nzie fc Schaefeil 
[I999. : .So Uerman et al.„2000;.Patat et al.M2Q01,) and 20Q7gr (Valcnti et al.i,2008; .H unter ct al., i2009,) to explore its limits. 
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TABLE 13 

Best-fitting values of system parameters 
(after the slash) c ompared to the actual 

SIMULATION VALUES Of IKASEN fc BiLDSTENI (|2010I ) 

(before the slash). Derived parameters on 

THE RICH. 



M.i 


Bn 


^ms 


Shift (days) 


^mag 


3.0/3.0 
3.0/3.1 
3.0/2.8 


2.0/2.2 
3.0/3.2 
5.0/5.4 


2.0/2.3 
2.0/2.3 
2.0/2.4 


-1.57/0 

0.17/0 

-0.038/0 


3.9 

4.0 
3.6 




5.0/3.1 
5.0/3.0 
5.0/3.0 


3.0/3.2 
4.0/4.3 
5.0/5.4 


2.0/2.3 
2.0/2.4 
2.0/2.4 


0.18/0 
7e-4/0 
0.18/0 


3.9 
3.7 
3.7 


7.0/4.1 
7.0/3.8 


2.0/2.1 
3.0/3.2 


1.5/1.8 
1.5/1.9 


-0.039/0 
-4.9e-4/0 


6.6 
6.1 


10/12.8 

10/9.2 

10/7.4 


2.0/2.7 
3.0/3.5 
5.0/5.1 


2.0/1.6 
2.0/2.2 
2.0/2.9 


-5.0/0 

-3.6/0 

1.8e-4/0 
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Fig. 18. — Fit to the bolometric hght curve of SN 2011dh (Ergon+, in prep). The fit values are A/ej = 2.2 M© and Mz,awi = 0.08 Mq, 
for i?]j = 10^^ erg and k = 0.1 cm-^ g~^. 



TABLE 14 

Best-fit parameters for ^''Ni modelling of the bolometric 

light curves and x^ a- 



Object 


Shift 


M(56Ni) 


Mej 


E 


to 


xii 




(day) 


(Mo) 


(Mq) 


(10^1 erg) 


(MJD) 




SN 201 Ike 


36.0 


3.0 


6.1 


8.1 


55650.65 


35 


SN 20111<f 


38.0 


5.0 


11 


15.0 


55920.65 


58 


SN 2012il 


26.0 


2.9 


5.9 


6.2 


55918.56 


193 


PTFlOhgi 


37.0 


2.6 


5.9 


6.2 


55322.78 


1.2 


PTFllrlss 


31.0 


3.0 


6.1 


8.1 


55912.11 


53 


SN 2010gx 


50.0 


6.0 


13.0 


15.0 


55269.22 


860 



Wc fitted the first 200d with the magnetar model (fixing Ey^ = 10^^ erg, k = 0.1, a = 10), recovering Mcj = 1.8 Mq 
and Bu = 9.8 G and P^s = 18.9 ms for SN 1998bw and Mej = 1.3 Mq and Bu = 22.9 G and P^s = 47.6 ms for SN 
2007gr. Instead, trying to fit the entire dataset, we recover Afcj = 19.9 Mq and P14 — 16.6 G and Pms = 0.5 ms for SN 
1998bw and Mcj = 2.5 Mq and B14 = 26.0 G and Pms = 42.6 ms for SN 2007gr. The best fit to those data are shown 
in Fig. [Tni afong with the fit of the radioactive decay. T he apphcabili t y of t he Arnett model to derive parameters for 
radioactivity-driven SNe has also been demonstrated bv lValenti et al.l (j2011[ ). The results imply that at those energies 
the magnetar contribution is more important after 150-200 d, highlighting the importance of obtaining late time data. 

^^ Ni fits parameters 
For the ^^Ni models we computed 7-ray trapping as in I ArnettI (|1982[ ). 
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Fig. 19. — Fit to the bolometric light curve of SNe 1998bw (top) and 2007gr (bottom). Magnetar fit of the first 200d is shown (black) 
along with the fit of the entire set (green) and the fit of radioactive decay (blue). Both models can fit the first 50-lOOd but are clearly 
differentiated at late times 



